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Preface
This report is a comprehensive account of research, development, technology transfer, and
education of the DLR-Institute of Engineering Thermodynamics (DLR-TT) for the period from
2015 to 2019. It has served as the basis for the evaluation of the institute by an international
scientiﬁc panel that took place in Stuttgart from 14 January to 16 January 2020. The panel
concluded among others that “the scientiﬁc excellence of the institute is clearly recognized
and is very impressive”.
In my capacity as the Director of DLR-TT it is both a privilege and a pleasant duty to present
this report now to the general readership of our partners and collaborators with a sincere
acknowledgement to my outstanding team, which carried out the world-class research that
will be described in the following pages. As part of this introduction, I would like to draw the
attention of all readers to two important overarching aspects, namely peer-reviewed publications and a strategic restructuring. Among the accomplishments of the institute publications in peer-reviewed international journals play a central role. In the period from 2015
to 2019, our scientists have published over 500 reviewed papers. Within the scope of this
compact report it is impossible to do justice to all published aspects of research over the
past ﬁve years and to cover the full range of the variety of industrial collaborations. The report is therefore focussed on highlights from each department and cross-cutsting highlights
concerning the institute as a whole. For the same reasons of page limitation, it is impossible
to provide a full list of publications. I have therefore decided to limit the printed list of publications to approximately one page for each department. In order to provide the opportunity of unlimited access to the full set of our papers, we have created the online repository
https://teamsites-extranet.dlr.de/tt/DLR-TT-IU2020/ that contains a complete compilation of
our papers published in scientiﬁc journals with peer review. The repository also contains a
full list of our patents as well as a selection of contributions that are intended for the general
public. If you wish to obtain access to this repository, please contact me at andre.thess@dlr.de

Prof. Dr. André Thess, Director of the Institute of
Engineering Thermodynamics

As of 2020, DLR-TT is undergoing a strategic restructuring process that involves a transfer of
its Department of Energy Systems Analysis (STB) to the DLR-Institute of Networked Energy
Systems (DLR-VE) and a simultaneous transfer of DLR-VE’s Department of Fuel Cells in Oldenburg to DLR-TT. The organizational chart on the inside of the left cover describes this new
structure. The new structure serves as a guideline for the content of this report.
I sincerely hope that our report conveys the great achievements of the unique multidisciplinary
and international team of DLR-TT which would not have been possible without the professional support from the administration of our institute. Moreover, I hope that the work of our
institute will contribute to meeting the grand challenge of energy storage for a low-carbon
energy system of the future.
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1. Overview
1.1 Challenges

With the appointment of the new Director, Professor André Thess, on 1st April 2014, DLR-TT
has incrementally adjusted its strategic alignment with the DLR strategy to develop itself into
a global leader in the ﬁeld of energy storage. With its headline “DLR-TT is the scientiﬁc pathﬁnder for the energy storage industry of the future” the institute has formulated its long-term
ambition, which will be detailed in both parts of the present document. The future structure
of the ﬁelds of expertise of DLR-TT is shown in Figure 1.2.
More speciﬁcally, the challenges addressed both in the present and future research at DLR-TT
are:
− to pioneer high-ﬁdelity model-based simulations of electrochemical and thermal energy
storage technologies from the microscale to the macroscale,
− to develop innovative thermal energy storage applications for industry processes, for Carnot-Batteries and for the decarbonisation of coal-ﬁred power plants,
− to develop the fundamentals and selected applications for battery and fuel-cell based stationary and mobile energy storage systems, and
− to integrate existing thermal, chemical and electrochemical technologies into ground-breaking technologies such as electric ﬂight.
These challenges will be met by DLR-TT’s unique blend of expertise in both fundamental and
applied research in close collaboration with industry. In addition to collaborating with existing industry partners, DLR-TT is committed to foster a creative atmosphere that encourages
young researchers to create spin-off companies that transform ideas into innovative products
and high-technology employment opportunities to keep Germany at the international forefront of innovation.
Additional challenges and chances derive from the fact that DLR-TT as an energy institute is
embedded in the transport, aeronautics and astronautics branches of DLR. In this capacity,
DLR-TT considers it to be part of its mission to establish cross-cutting collaborative activities
with the transport branch in the ﬁeld of electric mobility, with the aeronautics branch in the
ﬁeld of electric ﬂight and the generation of sustainable aviation fuels and also with astronautics in the ﬁeld of battery systems for satellites and planetary energy systems.

Applied

TPT

STB

ECE

Basic

CEC

Electrochemical

Thermal

Figure 1.1: Past ﬁelds of expertise of DLR-TT including the energy systems analysis. Abbreviations refer to
names of departments (TPT = Thermal Process Technology, STB = Energy Systems Analysis, in German:
Systemanalyse und Technikbewertung, ECE = Electrochemical Energy Technology, CEC = Computational
Electrochemistry). Size of the rectangles is not to scale
with the size of departments.

DLR-TT as of 1 January 2020
Applied

The DLR-Institute of Engineering Thermodynamics, henceforth abbreviated DLR-TT (from the
German term Technische Thermodynamik), has historically positioned itself as a competence
centre in the ﬁelds of energy conversion, energy storage and energy systems analysis with
particular emphasis on thermal and electrochemical technologies. An overview of the ﬁelds of
expertise as of April 2014 is given in Figure 1.1.

DLR-TT as of 1 April 2014

ESI
TES

EES
ESS

Basic

The decarbonisation of the German, European and global energy system is a formidable
technological, economical and societal challenge. Germany currently emits about ten metric
tons of CO2 per capita per year, whereas China emits roughly seven and France ﬁve. Despite
considerable expenditures on renewable energy subsidies, which according to the German
Federal Ministry for Economic Affairs and Energy (BMWi) totalled 30.406 billion Euro in 2017
for electricity alone, the economic performance of the German Energy Transition is modest.
From this observation, we can derive the overall challenge to develop innovative low-carbon
technologies, to make them economically competitive and to integrate them into future national and global energy markets.

Thermal

Electrochemical

Figure 1.2: Future ﬁelds of expertise of DLR-TT. Abbreviations do not refer to department names but to competence ﬁelds (ESS = Energy Storage Simulation, TES =
Thermal Energy Storage, EES = Electrochemical Energy
Storage, ESI = Energy Storage Integration). Size of the
rectangles is not to scale with the size of departments.
Colour coding: red refers to thermal science; blue refers to electrochemistry; green refers to cross-cutting
technologies.

The challenges of DLR-TT are met in close collaboration with national and international partners from academia and industry. Part of DLR-TT’s mission is the development of large-scale
research infrastructure for energy storage research, including software.
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1.2 Highlights
The past and future ﬁelds of expertise of DLR-TT are sketched in Figures 1.1 and 1.2, respectively. Research at DLR-TT in the past and the future rests upon two technological pillars,
namely thermal technologies (highlighted in red) and electrochemical technologies (highlighted in blue). As detailed in section 1.3, DLR-TT will take over the fuel cell group of the newly
founded DLR-Institute for Networked Energy Systems (DLR-VE) in Oldenburg and in exchange
the Department of Energy Systems Analysis (STB) of DLR-TT (highlighted in grey in Figure 1.1)
will be integrated into DLR-VE. Consequently, the present document will discuss STB in a solely retrospective fashion, whereas all other developments will be described in terms of the new
structure from Figure 1.2. Before engaging in a detailed description of the accomplishments,
it is appropriate to provide a glimpse at the most visible developments at DLR-TT in the period
2015-2019.
Figure 1.3: Lithium concentration in the electrolyte
of a perforated graphite electrode. Blue colour corresponds to low concentration and red colour indicates
high concentration.

Highlight from Energy Storage Simulation
As a member of the national research cluster ProZell, which is part of the governmental
strategy for a research battery plant, DLR has developed a comprehensive understanding of
transport processes in thick electrodes of Lithium-ion batteries. The sizes of these electrodes
are beyond 300 µm. The detailed electrochemical simulations carried out at DLR and shown in
Figure 1.3, bridge the gap from a fundamental understanding to the performance of a battery
under real-life conditions. The DLR-simulations have the potential to enhance the competitive
position of German battery technology.

Highlight from Thermal Energy Storage
DLR has successfully demonstrated for the ﬁrst time a full-scale molten salt thermocline thermal energy storage system with a storage capacity of 4 MWh and a temperature spread
between 290 °C and 560 °C. A schematic of the storage tank using inexpensive gravel as a
ﬁller material is shown in Figure 1.4.

Figure 1.4: Schematic of the thermocline molten salt
storage embedded in the TESIS:store module of the
research infrastructure TESIS. The storage capacity is
4 MWh. Charging temperature is 560 °C and discharging temperature is 290 °C.

DLR-TT has successfully operated the storage system with nine full-load thermal cycles. The
system is integrated into the test facility for thermal energy storage in molten salts (TESIS) at
the Cologne location of the institute. The proof-of-concept lays the foundation for high-temperature thermal energy storage at greatly reduced investment costs that can be integrated
into industrial processes and future Carnot Batteries.

Highlight from Electrochemical Energy Storage
DLR has successfully developed novel components for polymer electrolyte membrane (PEM)
electrolysis with a signiﬁcant stack cost reduction potential, superior performance and appropriate durability (longest test of 12,000 h). Components comprise of stainless steel bipolar plates (BPP) with corrosion protective coatings, titanium and stainless steel based porous
transport layers (PTLs), and anode electrocatalyst with superior activity. A PTL for PEM electrolysers (PEMELs) with gradient porosity made by plasma spraying is shown in the Figure 1.5.

Figure 1.5: A porous transport layer (PTL) with gradient porosity by plasma-spraying for PEM electrolysers.

The PTLs have pore sizes from 5 µm in contact with the anode catalyst layer to 10 µm in
contact with the BPP, leading to low tortuosity and capillary pressure. The cell performance
achieved with the new PTLs was far superior compared to the cells using titanium meshes as
PTL, mitigating mass transport issues at high current densities.

Highlight from Energy System Integration
In 2016 the research aircraft Hy4 performed its maiden ﬂight, powered by a custom-made
hydrogen-powered fuel-cell-battery hybrid system with nearly 100 kW. The aircraft is shown
in Figure 1.6.

Figure 1.6: Hydrogen-powered research aircraft Hy4.
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It can ﬂy four people over a distance up to 750 km. It currently has the highest power density
of any ﬂying fuel cell system in the world. It demonstrates the scientiﬁc and technological
excellence of DLR-TT in air supply and electrochemical efﬁciency of fuel cells in aviation as well
as control and safety. The successful ﬂight test opens the avenue for emission-free air travel
with up to 60 passengers and ranges up to 2000 kilometres.

Highlight from Energy Systems Analysis
DLR has been developing speed-up methods for energy system models for several years. This
is necessary because the design of future energy systems requires answers to much more
complex and detailed questions than in the early phase of research in renewable energy
policy. Within the project BEAM-ME, symbolically depicted in Figure 1.7, DLR has identiﬁed,
implemented, and compared strategies for optimizing computing time for high-resolution
energy systems models, including the future use of big data. In the ﬁrst phase of the recently
completed project, DLR has used mathematical algorithms adapted by project partners for
parallel solving of energy market models on high performance clusters. The implementation
offers the perspective of formulating realistic and robust policy measures for increasing the
share of renewable energies and for decarbonizing the energy system in Germany and the
world.

Highlight in Cross-Cutting Activities
In addition to the previous highlights which are speciﬁc to a single ﬁeld of expertise, DLR-TT
is actively pursuing research activities that transcend not only the borders between disciplines
but also between academia and industry. By establishing a collaboration with Nobel laureate
Professor Robert Laughlin (Stanford University) in the ﬁeld of Carnot Batteries in 2018 and
founding a bi-annual „International Workshop on Carnot Batteries” that is held in Stuttgart,
DLR-TT has taken a ﬁrst step to position itself as a global leader in the ﬁeld of large-scale
electricity storage based on thermal storage. This involves contributions from thermal energy
storage, energy storage integration and energy systems analysis. A second step consists of a
strategic partnership with Malta Inc., a spin-off from Google-X that intends jointly with DLRTT to build world’s ﬁrst pilot of a Carnot Battery based on the Laughlin-concept of a Brayton
cycle in the vicinity of DLR-TT’s Cologne location. This partnership is made possible by a joint
appointment of a scientist both as senior researcher at DLR-TT and as senior adviser at Malta.
This synergetic collaboration will enable DLR-TT in collaboration with the DLR-Institute of
Solar Research (DLR-SF) to pioneer Carnot Batteries. A third step on the path to becoming the
global leaders in large-scale storage is the successful commitment of DLR-TT in collaboration
with RWE and DLR-SF for a „Reallabor” where the conversion of a coal-ﬁred power plant into
a storage plant (in German: Wärmespeicherkraftwerk) will be demonstrated. A sketch of the
concept is shown in Figure 1.8.

Figure 1.7: Exemplary representation of a computer
cluster. High-performance computations of energy
system models are carried out with BEAM-Me project
partners HLRS (Höchstleistungsrechenzentrum Stuttgart) und JSC (Jülich Supercomputing Center).

Figure 1.8: Conceptual view of transformation of
a coal-ﬁred power plant into a storage plant. In the
DLR-concept the combustion of coal in the boiler is
replaced by heat transfer from a two-vessel molten
salt thermal energy storage tank (pink cylinders in the
centre). The thermal energy is supplied to the molten
salt storage from renewable energy, shown left. This
concept is also referred to as „Third Life Coal Plant”.

Highlight in Research Infrastructures
The large-scale investment e-Xplore (ﬂexible platform for on-site demonstration of Power-to-Fuel processes) enables a transportable platform in a container for the testing of
high-temperature electrolysis stacks under high pressure of up to 50 bar and to provide synthesis gas for a downstream Fischer-Tropsch reactor or a reactor for oxygenates synthesis from
Karlsruhe Institute of Technology (KIT). The KIT reactor is also integrated into a similar transportable container, and the two will be jointly used as an overall system providing synthetic
fuels which can be located in different industrial environments (Figure 1.9).
This testing platform will be unique worldwide in terms of its ﬂexibility for both, synthesis by
solid oxide electrolysis cells (SOECs) as well as investigating different steam and CO2 sources.
In particular, the DLR test platform aims to test and characterise electrolysis stacks in high-pressure operation in order to optimise and develop operation strategies, determine degradation
rates as well as power and energy density of SOECs. The product gases generated in the
electrolysis of water steam and the co-electrolysis of water steam and CO2 are analysed and
provided at the temperature and pressure level needed in the downstream process. This combination allows high-efﬁciency electrical power to be converted into easily storable liquid or
gaseous high energy density chemicals. This large-scale investment was evaluated in the last
Helmholtz Association (HGF) review and strongly supported by the evaluators. Also, both DLR
and KIT have jointly committed to this project in a highly visible collaboration.

Figure 1.9: The large-scale investment e-Xplore, a
transportable platform in a container for the testing
of high-temperature electrolysis stacks (SOECs) under
high pressure and to provide synthesis gas.
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1.3 Opportunities
The central role of energy storage for the decarbonisation of the global energy system provides a wide range of opportunities for the future development of DLR-TT as THE energy storage institute within DLR. This overarching opportunity is reinforced by two recent structural
developments at DLR that allow a budget increase of institutional funding within DLR-TT for
storage research.
With the creation of the DLR-Institute of Networked Energy Systems in Oldenburg (Vernetzte
Energiesysteme, abbreviated VE) DLR has received a signiﬁcant budgetary expansion in the
ﬁelds of energy systems and energy systems analysis. In order to sharpen the proﬁles of both,
DLR-TT and DLR-VE, it was agreed in 2018 to integrate DLR-TT’s energy systems analysis department (abbreviated STB in Figure 1.1) into DLR-VE and in exchange to integrate DLR-VE’s
fuel cell department of similar size into DLR-TT as of 2020. This „department swap” (German
„Abteilungstausch”) will transform DLR-TT into a clear-cut energy storage institute whereas
DLR-VE will develop a systems proﬁle with unique energy systems analysis capabilities within
DLR. The ﬁelds of competence shown in Figure 1.2. take into account this strategic step which
allows the allocation of all institute resources into storage research.
A second structural development is the creation of the DLR-Institute of Low Carbon Industrial
Processes in Cottbus and Zittau (Dekarbonisierte Industrieprozesse, abbreviated DI).This institute will carry out research in high-temperature heat pumps and energy systems modelling.
This development provides excellent opportunities to enhance DLR-TT’s commitment to the
development of Carnot Batteries and concepts for the decarbonisation of coal-ﬁred power
plants. From the role of energy storage and the new DLR-Institutes VE and DI the following
speciﬁc strategic opportunities for DLR-TT are derived.

Opportunities for Energy Storage Simulation (ESS)
The department swap creates the opportunity to initiate research into the microscale simulation of heat and mass transfer processes in thermochemical energy storage applications in
close collaboration with the thermal process technology department. This recommendation
was aleady given in the 2011 institute evaluation as well as in the 2018 evaluation by the
Helmholtz Association within the PoF-process and it can now be implemented.

Opportunities for Thermal Energy Storage (TES)
The creation of DLR-DI provides DLR-TT with the chance to signiﬁcantly enhance its activities
in Carnot Batteries and storage power plants. DLR-TT, DLR-SF and DLR-DI in collaboration
with the Google-X start-up Malta Inc. are planning to implement the ﬁrst working prototype
of a Brayton based Carnot Battery. Moreover, DLR-TT and DLR-SF will, in collaboration with
RWE, take the opportunity to demonstrate the conversion of a coal ﬁred plant into a storage
plant for the ﬁrst time in the framework of the national competition „Reallabore für die Energiewende”.

Opportunities for Electrochemical Energy Storage (EES)
The integration of the Oldenburg fuel cell group into the Department of Electrochemical Energy Technology at DLR-TT will provide possibilities for novel operando diagnostic techniques in
electrochemistry that will be reinforced by a new large-scale infrastructure to be described below. In addition, a planned joint professorship with the University of Oldenburg will enhance
the academic visibility of research at DLR-TT.

Opportunities for Energy Storage Integration (ESI)
The most signiﬁcant opportunity in the ﬁeld of energy storage integration is to develop electrochemical power trains for electric aircraft that can simultaneously be transferred to roadbased applications. Moreover, a re-allocation of the techno-economic analysis group into the
Department ESI allows to extend the scope of the analysis from the previously limited focus
to synthetic liquid hydrocarbons to power plants and industrial processes, partially in collaboration with DLR-DI and DLR-SF.
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1.4 Strategic Goals
The overall strategic goal of DLR-TT is to establish itself as the pathﬁnder of the energy storage industry of the future. This shall be accomplished by combining world-class fundamental
research in selected areas of heat, mass and charge transfer in electrochemical and thermochemical storage materials with the full-scale demonstration of innovative energy storage
technologies in collaboration with industry and transfer of self-developed intellectual property
into start-up enterprises. The cornerstone of the strategy involves the following goals, speciﬁc
to the four ﬁelds of expertise of DLR-TT.

Strategic Goal in Energy Storage Simulation (ESS)
In this ﬁeld of competence DLR-TT strives to establish the model and software foundation for
a rational design of electrochemical storage and conversion devices of the future. Ultimately,
ESS will replace a trial and error approach with a knowledge and simulation-based development strategy. The expertise developed in electrochemistry will be carried over to thermochemical systems thereby maximizing synergy effects between different ﬁelds of competence.

Strategic goal in Thermal Energy Storage (TES)
DLR-TT aims to strengthen its worldwide leading role as a centre for research and development in the ﬁeld of high-temperature thermal energy storage with a focus on the international energy transition. Major objectives include increasing of technology readiness levels of all
high-temperature TES technologies and research along the entire value chain of high-temperature TES including material, component and system aspects.

Strategic Goal in Electrochemical Energy Storage (EES)
The strategic goal of this ﬁeld of competence is to become the leading actor in the rational
development of electrochemical energy conversion and storage reactors by establishing a
sophisticated operando diagnostics, applying advanced analysis methods and using models
and simulations. Of particular strategic value is the internal cooperation with the ﬁeld of competence of energy storage simulation.

Strategic Goal in Energy Storage Integration (ESI)
In ESI DLR-TT dedicates itself to providing emission-free energy systems and combining the
sectors of electricity, heat and fuel. The current unique selling proposition of emission-free
aircraft power trains and the visibility in industry, politics and the public are to be further expanded. The expertise in fuel cell battery hybrid systems for various applications, in particular
aviation and space as well as transport and stationary in coordination with the Department of
Electrochemical Energy Technology (ECE) is to be established nationally and internationally in
the research environment.

Strategic Goal Encompassing Research Infrastructure
An overarching goal of DLR-TT is a systematic further development of its portfolio of largescale research infrastructure. A central element in this respect is the research platform NADINE
for thermal energy storage research that is currently being planned under the leadership of
DLR-TT in close collaboration with the University of Stuttgart and Karlsruhe Institute of Technology KIT. NADINE is a modular research infrastructure consisting of a Stuttgart site, jointly
operated by DLR and the University of Stuttgart and by a Karlsruhe site, operated by KIT.
The Stuttgart site of NADINE will contain an array of heat sources in the temperature range
between -20 °C and approximately 700 °C that will not only allow testing of thermal energy
storage components but also carry out demonstration projects on thermal energy storage
systems like Carnot-Batteries. Whereas the Stuttgart site will focus on the low and high-temperature range, KIT will use its liquid-metal experience for the very-high-temperature range
of 700 °C up to 1000 °C.
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2. Programmatic Position
within DLR
DLR-TT is primarily embedded within the DLR-programme „Energy” but has strong links to
the DLR-programmes „Transport”, „Aeronautics” and „Astronautics”.
The energy programme organizes its research along two strategic paths. The ﬁrst path consists
of transforming ﬂuctuating renewable energy into a storable form such as heat or hydrogen
and after that converting it into dispatchable electricity. The second path consists of converting
ﬂuctuating renewable energy into sustainable fuels and using them mainly for low emission
mobility. With its energy storage and energy conversion expertise DLR-TT contributes to both
strategic paths. More speciﬁcally, all four ﬁelds of expertise sketched in Figure 1.2 contribute to
the ﬁrst path, in particular with the topics batteries and Carnot Batteries. With its expertise in
electrolysis, techno-economic analysis of routes for the production of synthetic fuels and power
trains for electric mobility, DLR-TT contributes to the second strategic path. DLR-TT coordinates
the DLR-Cross-Sectional Project (Querschnittsprojekt) GigaStore, whose goal is to contribute to
the solution of the large-scale electricity storage problem for renewable electricity.
In its research work with the energy programme, DLR-TT maintains close collaborative links
with all energy institutes as summarized in Figure 2.1 and brieﬂy described next.
DLR-TT develops large-scale molten-salt thermal energy storage systems for integration into
solar thermal power plants investigated by the DLR-Institute of Solar Research. This collaboration also extends to the innovative topic of converting coal-ﬁred plants to storage plants.
The programmatic link between DLR-TT and DLR-VE is primarily in the ﬁeld of energy systems
analysis, where DLR-TT provides expertise in storage modelling. An important ﬁeld of collaboration is emerging with the newly founded DLR-Institute of Low Carbon Industrial Processes
(DLR-DI), in the ﬁeld of application of high-temperature heat pumps for Carnot Batteries and
power-to-heat applications. Finally, the collaboration between DLR-TT and the DLR-Institute
of Combustion Technology (DLR-VT) has been traditionally focused upon coupling high-temperature fuel cell system with micro gas turbines and will be extended in future to coupling of
gas turbines and thermal energy storage.
As shown in Figure 2.2, DLR-TT is actively contributing to all three DLR-programmes beyond
Energy, notably Transport, Aeronautics and Astronautics. In the transport programme DLR-TT
has established itself as the main contributor of electrochemical and thermodynamic expertise
to the subprogramme „road transport” (Straßenverkehr) and to a lesser extent to the subprogramme „transport system” (Verkehrssystem). These contributions will be extended in the
forthcoming period of programmatic planning PoF of the Helmholtz Association.
DLR-TT’s contributions to the aeronautics programme are twofold. The main thread of activities is attached to the aeronautics subprogrammes „efﬁcient vehicle” and „clean propulsion”.
On the one hand, DLR-TT develops innovative energy systems based on hydrogen and fuel
cells such as emergency power units in close collaboration with Airbus at its site at ZAL-Hamburg. On the other hand, DLR-TT develops power trains for electric aircraft. It plays a leading
role in the milestone „250 kW fuel cell system” for the subtopic „novel propulsion concepts”
in the aeronautics programme of the forthcoming planning period of the Helmholtz Association. In addition to the development of electrochemical propulsion systems for emission-free
ﬂight, DLR-TT uses its proprietary simulation tool TEPET for assessing different pathways for
the economic and sustainable production of aviation fuel.

Collaborations with:
DLR-SF
Thermal energy storage for solar thermal power
plants and high-temperature electrolysis
DLR-VE
Modelling of energy conversion and storage
systems for energy systems analysis
DLR-DI
High-temperature heat pumps for Carnot
Batteries and Storage Power Plants
DLR-VT
Coupling of fuel cells and thermal energy
storage systems with gas turbines
Figure 2.1: Summary of programmatic positioning of
DLR-TT with respect to the energy institutes of DLR. SF
refers to DLR-Institute of Solar Research, VE refers to
DLR-Institute of Networked Energy Systems, DI refers
to DLR-Institute of Low Carbon Industrial Processes,
VT refers to DLR-Institute of Combustion Technology.

Contributions to:
DLR-Transport Programme
Batteries, fuel cells and thermal management for
future low-emission mobility systems
DLR-Aeronautics Programme
High-performance fuel cell system for more electric
and all electric aircraft, alternative aviation fuels
DLR-Astronautics Programme
High-performance battery systems for satellite
applications
Figure 2.2: Summary of programmatic positioning of
DLR-TT with respect to Transport, Aeronautics and Astronautics programmes of DLR.

DLR-TT’s contribution to the astronautics programme is connected to the subprogramme
„space systems technology” and involves research on high-performance battery systems for
satellites. DLR-TT brings in its expertise in both battery simulation and energy storage integration, which also involves an embedded collaboration with the Jet Propulsion Laboratory of
NASA. Moreover, DLR-TT contributes to the set-up of the LUNA analogue research facility at
the Cologne site of DLR.
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3. Scientiﬁc Results
3.1 Energy Storage Simulation
The quality of digitalized design and development processes for advanced electrochemical
technologies depends crucially on the accuracy of available models and the level of details
at which simulations can be performed. This report gives an overview of the recent advances in developing coupled models of transport and electrochemistry and simulation tools to
investigate and modify very detailed processes in batteries and fuel cells, two of the decisive electrochemical technologies for future energy markets. The same successful approach is
currently extended to simulation and modelling of thermochemical devices to complete the
cross-cutting nature of the Energy Storage Simulation activity at DLR-TT.

3.1.1 Batteries
Theory-based Battery Modelling
One of the overarching goals of ESS is it to understand processes in batteries via simulations,
which are not always or not yet accessible to in situ or operando experiments. To achieve this
goal, the standard approach of formulating phenomenological models based on a superﬁcial
understanding of „elementary processes”, which are combined with linear superposition approaches and validated with experiments performed at device level will not work. In reality,
all observed phenomena are the result of an underlying Free Energy landscape. Equilibrium is
achieved by the minimization of the Free Energy. Non-equilibrium phenomena as e.g. transport and reactions are ruled by the transition between equilibrium states and metastable stationary saddle points or minima. Macroscopically this reality is described within the framework
of rigorous non-equilibrium thermodynamics, which is the base of our modelling approach.
Only by using such a rigorous frame, it is assured that the predicted phenomena are qualitatively possible in reality. Deviations are only due to insufﬁcient accuracy of the form of the
Free energy functional used in the derivation. Basing the macroscopic reaction and transport
models on the concept of Free Energy has the additional beneﬁt of establishing a direct link
to underlying ab initio methods like density functional theory or ab initio molecular dynamics
and its classical counterparts. As an example, for our modelling approach, we present an
overview over recent work on Zinc-Air batteries, in which we address the transport and electrochemical behaviour from the nanometer scale (structure formations in double layers) to
design issues for whole cells.
Zinc metal is abundant, non-toxic, and stable in water in addition to relatively low rates of
hydrogen evolution. Therefore, zinc-air batteries stand out as the single commercialized metal-air battery. As primary battery, they are used in hearing aids; as rechargeable batteries they
have reached a mature development state. A couple of challenges remain and limit electric
recharging to a few hundred times. During repeated deposition and dissolution, metallic zinc
changes its shape on various length scales. Furthermore, in contact with air, atmospheric
carbon dioxide enters the cell and reacts to carbonate in the electrolyte. Theory-based models
address these challenges by contributing to the development of alternative electrolytes, e.g.,
alkaline with additives, near-neutral aqueous, and ionic liquids.
Batteries like almost all modern technological products rely on the interplay of multiple length
scales. Quantum physics is governing the structure and interaction of individual atoms on
the nano-scale. Battery modelling in chemical engineering is based on electrolyte transport
modelling in porous electrodes. The theory-based approaches used in ESS have been introduced in [Latz 2011, Latz 2013, Latz 2015]. These enable consistent electrochemical modelling of strongly interacting systems, such as concentrated electrolytes, solid-state electrolytes
[Braun 2015, Becker-Steinberger 2019], and ionic liquids [Hoffmann 2018]. These models
of non-equilibrium thermodynamics are derived from a single energy functional of the system. Consistent non-equilibrium thermodynamics pushes the frontier of continuum models
towards the mesoscale, where continuum models can be connected with atomistic theories
and central battery mechanisms take place, e.g., electrochemical surface layers [Braun 2015,
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Hoffmann 2018, Becker-Steinberger 2019], formation of solid interphases [Single 2016,
Single 2017, Single 2018], and nucleation of solids [Horstmann 2013]. In this report, we
discuss electrochemical surface layers of ionic liquids as a selected example for meso-scale
models.
On the macroscale, 3D micro-structure resolved simulations of battery cells have been made
possible by consistent electrolyte transport theories and the advance in computational power
[Latz 2011, Less 2012, Latz 2015]. As discussed in the next section, these simulations capture the transport of ions and electrons in real electrode structures. However, many studies
homogenise the electrolyte transport equations for concentrations and electric potential and
solve them in a single dimension connecting the two electrodes [Stamm 2017, Neidhardt
2012]. Diffusion in representative electrode particles is then taken into account in an additional artiﬁcial dimension. 3D micro-structure resolved simulations show that this Newman model
faithfully simulates mean quantities, but that ﬂuctuations are signiﬁcant [Latz 2015]. In the
case of next-generation batteries, e.g., zinc-air batteries, however, the battery design is not
ﬁnal, material properties, and electrochemical processes are not accurately known. Therefore,
the detailed results of 3D simulations are often not needed. 1D simulations of mean quantities, however, give the right qualitative insights to speed-up the experimental development
and test novel design proposals. Therefore, we rely on 1D cell models and present recent cell
design proposals for zinc-air batteries [Clark 2018, Stamm 2017, Clark 2017] in this report.
Meso-scale model for electrochemical double layers – Electrolyte instability is limiting performance and lifetime of batteries. In zinc-air batteries, for example, we encounter the absorption of carbon dioxide in alkaline electrolytes. Ionic liquids, i.e., molten salts at room
temperature, promise to solve this challenge. These liquids have wide electrochemical and
thermal windows, good ionic conductivities, usually low vapour pressures, and high solubilities for a variety of compounds. The breakthrough of ionic liquids as electrolytes is hindered
by their complex speciation in the bulk and their interfacial structure formation. Therefore, we
analyse the interfacial behaviour of ionic liquids [Hoffmann 2018]. Our theory-based model
goes beyond previous continuum models as it takes into account the full hardcore interaction
between molecules and describes the effect of additives, e.g., water or salt. Firstly, we derive
transport equations for RTILs in the bulk. Secondly, we take into account strongly repulsive
short range hardcore-like interactions between ions by making explicit the hardcore-nature of
ions in the free energy functional
Our choice of the repulsive interaction represents impenetrable hard spheres, i.e., the repulsive interaction is non-zero in a small volume Ω determined by the particle-radii. These
microscopic details become relevant in electrochemical surface layer which form at electrode
surfaces because ions accumulate to shield the electric potential jump at the interface. From
the free energy, we derive chemical potentials and consistent transport equations.
Modelling allows separating the effects of short-range repulsion and global properties as
incompressibility, interaction with electric ﬁelds and entropic effects. In a ﬁrst step, we simulate the static electrochemical surface layer of a binary RTIL without hardcore interactions in
Figure 3.1 a. At a negatively charged electrode, cations are attracted by the electric ﬁeld to
the interface, and the electrochemical surface layer becomes positively charged. At low overpotentials, the charge density decays exponentially as for dilute electrolytes. The width of this
charged double layer is the Debye length. At larger overpotentials, the ﬁnite volume of ions
counteracts the electric ﬁeld and leads to crowding of cations and depletion of anions. In a
second step, we include hardcore interactions (see Figure 3.1 b).

Figure 3.1: Multilayer structure of ionic concentrations
in the vicinity of a negatively charged electrode surface. (a) Without hardcore interactions, we observe
depletion of anions and crowding of cations. (b) With
hardcore interactions, a quasi-crystalline structure of
alternating layers forms. [Hoffmann 2018]
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Because the ionic diameters are incommensurate with the required screening charge, alternating mono-layers of cations and anions form. This phenomenon is denoted overscreening.
Our simulations show that the electrochemical surface layer can become much larger than
the Debye length.
Our model is validated with atom force microscopy for binary and ternary ionic liquids [Hoffmann 2018]. To this aim, we take into account the impact of neutral and charged additives,

e.g., water and ionic silver onto the electrochemical surface layer. We ﬁnd that charged particles are attracted by the interface. This explains experimental ﬁndings that the multilayer
structure is disrupted by trace amount of silver, whereas neutral water does not easily affect
the multilayer structure.

380 ppm CO(

38 ppm CO(

3.8 ppm CO(

Macro-scale Model for Battery Cells
Recent modelling studies support the research on zinc-air batteries [Stamm 2017, Clark 2017].
Stamm performed the ﬁrst spatially resolved simulation of precipitation and carbon dioxide
absorption [Stamm 2017]. The model is parametrised and validated with the commercial zincair coin cell Varta PowerOne PR44 Type p67. During discharge, zinc metal dissolves as zincate
complex Zn(OH)4=, which is the relevant zinc ion. In the gas diffusion electrode, gaseous
oxygen dissolves in the electrolyte and reduces to hydroxide. If the zincate concentration rises
above its solubility limit, precipitation of the discharge product zinc oxide becomes possible
for thermodynamic reasons. Alkaline electrolytes degrade as dissolved carbon dioxide reacts
with hydroxide and forms carbonate (CO3=).

Figure 3.2: Simulated lifetime analysis. The voltage is
shown as a function of measurement time. The discharge proceeds with varying carbon dioxide content
in the feed gas. We ﬁnd that the lifetime is approximately inversely proportional to the carbon dioxide
content. [Stamm 2017]

We model the dissolution of spherical zinc particles and the deposition of zinc oxide shells in
the anode by tracking mean volume fractions [Neidhardt 2012]. Our transport model for a
potassium hydroxide electrolyte with dissolved zincate and carbonate goes beyond the standard concentrated solution theory for binary electrolytes. We derive consistent expressions for
ionic ﬂuxes in multi-species electrolytes as well as for the center-of-mass convection velocity
in incompressible electrolytes [Stamm 2017].
The validated model explains how inhomogeneous zinc oxide nucleation results in characteristic features in the cell voltage during discharge. Furthermore, our simulations demonstrate
how carbon dioxide absorption limits the lifetime of alkaline zinc-air batteries to two months.
This is hardly tolerable for rechargeable batteries. In Figure 3.2 we show that carbonate formation entails an irreversible reduction of hydroxide concentration, zincate solubility, and
ultimately electrolyte conductivity.

Figure 3.3: Dynamic proﬁle of electrolyte pH of zincair battery during discharge and charge. The anode is
on the left, the cathode is on the right. [Clark 2019].

Zinc-air batteries with near-neutral chloride-based electrolytes could address this electrolyte
carbonation issue and have recently been studied experimentally [Goh 2014, Simboja 2016].
We present a continuum framework for modelling pH buffered aqueous electrolytes, and
apply it to study zinc-air batteries with pH adjusted ZnCl2-NH4Cl electrolytes [Clark 2017]. In
order to represent pH adjusted ZnCl2-NH4Cl electrolytes over a wide range of conditions, it is
necessary to take into account the speciation of the electrolyte, e.g., the complex formation
of Zn= with Cl-, OH-, and NH3. We have developed a novel quasi-particle model and solve the
numerical challenge to consistently follow the dynamics of solutes whose concentrations vary
over orders of magnitude, e.g., the concentration of OH- at different pH. Our model predicts
the spatially resolved pH and speciation during battery cycling. We adjust battery architecture
and electrolyte composition to optimize for buffering capacity and discharge product. Figure
3.3 compares two electrolyte compositions, (Electrolyte A [Goh 2014], Electrolyte B [Simboja
2016]), with our novel rational design (Electrolyte C [Clark 2017]). The latter shows a stable
buffering capacity and the desired precipitation of Zn(OH)2.
The Department of Computational Electrochemistry (CEC) contributes to the development of
electrochemical systems by improving consistent theory-based models derived from non-equilibrium thermodynamics. Electrochemical devices rely on processes on a multitude of length
scales. Our continuum models explain effects from the meso-scale to the macro-scale. We
show that metal-air batteries are in a promising state of research and that experimental progress is accelerated by theory-based rational design. Models in 2D and 3D based on tomography data will successively become expedient when research and development converge to a
few cell setups, e.g., for zinc-air batteries (see Figure 3.4) [Schmitt 2019].
Alternative next-generation batteries, including metal-ion batteries, have equally good prospects. Theory-based modelling is especially fruitful for advancing progress on novel electrolytes, e.g., buffered aqueous solutions and ionic liquids.

Figure 3.4: Zinc metal volume during discharge. The
state-of-charge is decreasing from a) 100 % over b)
47 % to c) 0 %. The cell housing is plotted in grey.
The left halves of each subﬁgure show tomography
data. The right halves are simulation results. [Schmitt
2019]
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Microstructure-resolved Simulations
Despite the recent developments in emerging battery technologies, Li-ion batteries are still the
key technology for battery electric vehicles. After almost two decades of intensive research the
gravimetric and volumetric energy density approaches the theoretical limits of the materials. In
order to push these limits on electrode and cell level novel electrode and cell design strategies
are needed.

Figure 3.5: Simulation domain consisting of a Lithium
metal anode, a porous separator and an idealized
lamellar NCA structure produced by a freeze-casting
method.

One strategy to maximize the energy density of future Li-ion batteries and to reduce the production cost is the concept of thick electrodes [Danner 2016a]. However, several challenges
on the material as well as on the production level [Westhoff 2019, Kremer 2019] arise which
need to be explored in order to prove the viability of this concept. On the electrode level,
major challenges are transport limitations in the electrolyte and solid phase. In order to mitigate the transport limitations in the electrolyte, new manufacturing concepts with reduced
tortuosity are needed.
Virtual electrode design based on computer simulations [Latz 2015] is a versatile and important tool to optimize electrode structures [Hein 2016]. The microstructure-resolved simulation
of batteries is an important research directory within our department, and we continuously
develop our framework for three-dimensional microstructure-resolved simulations BEST (Battery and Electrochemistry Simulation Tool) [Latz 2011]. This approach provides the correlation
between the actual microstructure of the electrodes and the resulting battery performance. A
description of BEST is provided in the Infrastructure section.

Figure 3.6: Galvanostatic discharge curves at a rate of
0.5 C for electrode designs with varying NCA content
(60 and 80 vol-%) and lamella distance (6 and 12 µm).

In this report we use the simulation of Nickel-Cobalt-Aluminium electrodes (NCA) as an example to demonstrate our methodology and its application to electrode design. The NCA
electrodes were prepared by a so-called freeze-casting process. The freeze-casting provides
a ﬂexible and tuneable route to electrodes with a lamellar structure providing low tortuosity.
In a ﬁrst step, we create idealised representations of NCA electrodes. Porous structures with
deﬁned active material content are created by randomly placing particles with almost spherical shape (radius ~6 µm) in a simulation box of 400 x 200 x 50 µm (x,y,z) where x is the
thickness of the electrode and z corresponds to the width of the NCA lamella. In a next step,
the NCA lamella is placed in the middle of a larger simulation box with the same dimensions
in x and y. The z dimension is adjusted to represent the spacing between two lamellas. The
simulation domain of the electrochemical simulations including a separator between a lithium
metal counter electrode and the lamellar NCA electrode is shown in Figure 3.5.
Interactions with neighbouring lamellas are taken into account by using periodic boundary
conditions as indicated by the shaded areas. This idealised structure simpliﬁes the actual electrode geometry, e.g. it does not take into account bridges between neighbouring lamellas,
however, key design variables lamella width, porosity and distance are represented which
allows the deduction of ﬁrst design guidelines.
The cell voltage of different electrode conﬁgurations during a constant current discharge at
0.5C is shown in Figure 3.6.
Design parameters are the volumetric NCA content (60 and 80 vol-%) in the lamella and the
lamella width (6 and 12 µm). In our simulations, electrodes with a high NCA content provide
a higher overall capacity which is due to the higher overall NCA loading in these electrodes.
However, the initial discharge voltage is lower in the electrodes with 80 % NCA content. The
slope of the discharge curves in the ﬁrst phase of the discharge process is steeper compared to
the electrodes with 60 vol-% NCA content. This effect is more pronounced in the NCA electrode with a lamella spacing of 6 µm and indicates a change in the capacity limiting process
when the NCA content in the lamella decreases.

Figure 3.7: Distribution of lithium in the active material
for NCA content in the lamella structure of 80 vol-%
a) and 60 vol-% b). The spacing between lamellas is
in both cases 6 µm. Red indicates complete lithiation
of the active material. Blue represents active material
in the initial state.
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In order to investigate the qualitative differences between the conﬁgurations, we analyse
the spatial distribution of lithium in the active material at the lower cut-off voltage of 3 V in
Figure 3.7.
In the dense lamella with 80 vol-% NCA, the vanishing concentration of lithium ions in the
electrolyte close to the cathode current collector indicates severe transport limitations. Conse-

quently, the Li concentration in the active material is highest close to the separator, as shown
in Figure 3.7 a. This is also commonly observed in conventional Li-ion batteries. The top view
f the simulation domain suggests that transport limitations inside the dense porous structure
further reduce the utilization of the active material in the centre of the lamella. Moreover, the
interesting concentration pattern through the thickness off the electrode indicates competing
processes depending on the degree of lithiation of the active material. This becomes evident
at lower NCA content in the lamella (Figure 3.7 b). The larger porosity reduces the effective
conductivity of the electrode. The capacity limiting process is now the transport of electrons
which results in an unusual lithiation pattern of the active material with the highest concentration in the active material close to the current collector. The decreasing conductivity of NCA
practically limits the utilization of the active material to the vicinity of the current collector. The
remaining part of the electrode close to the separator is only partially lithiated. Consequently,
increasing the spacing between two lamellas only reduces the performance of the half-cell
since it reduces the mass loading of the electrode. In contrast, an increase in lamella spacing
for the electrodes with high NCA content reduces transport limitations in the electrolyte and
improves the utilization of the electrode close to the current collector. This example shows
how the electrode microstructure inﬂuences the cell performance.

3.1.2 Fuel Cells
The Department CEC is developing detailed physical models to describe the performance and
degradation of fuel cells. The goal of these modelling activities is to better understand the
origin of performance limitations and performance losses as well as to derive theory-based
solutions on how to overcome these issues.
In order to describe the behaviour of Polymer Electrolyte Fuel Cells (PEMFC), processes on
various time and length scales have to be taken into account, from mass and energy transport
on the single cell level down to electrochemical reactions on the catalyst surface. Spatially resolving these processes is of particular importance for PEMFC since the fuel and air transport
along the channels cause in-plane concentration and potential gradients in addition to the
ones occurring through the thickness of the membrane electrode assembly (MEA). At CEC,
the modelling framework NEOPARD-X [Futter 2018a, Fleming 2011] is developed to simulate
this multiscale system.
One particular challenge for PEMFC is water management. On the one hand, the membrane
has to be sufﬁciently humidiﬁed to ensure high proton conductivity. On the other hand, liquid water accumulation in the electrode can cause so-called ﬂooding, i.e., hindering of gas
transport. The humidiﬁcation of the ionomer in the catalyst layer affects both ion transport
and oxygen transport through the ionomer ﬁlm to the catalyst. Water transport through the
membrane is governed by gradients in the chemical potential and electro-osmosis while the
two-phase transport in the porous electrodes is driven by diffusion, convection, and capillary
transport. All of these effects have been included in the developed PEMFC model to describe
the cell behaviour correctly. Figure 3.8 shows the comparison between polarization curves
simulated in NEOPARD-X [Futter 2018a] and experiments under various relative humidities
(RH) and stoichiometry λ, which have been performed at TT-ECE. As one can see, low RH
signiﬁcantly lowers the cell performance.

Figure 3.8: Polarization curves of a PEMFC at different
relative humidities and stoicheometries (the symbols
represent experimental data, the lines corresponding
simulations). [Futter 2018a]

Even higher stoichiometry lowers the cell performance at 50 % RH as drying out effects overcompensate the increase in oxygen concentration. This observation can be analysed further
by comparing the simulated spatial distributions of current density and oxygen reduction
reaction (ORR). Low RH leads to low ORR reaction rates in a large area of the catalyst layer
close to the gas inlet due to the low ionic conductivity. Therefore, at the inlet side, only a small
region of the CL close to the membrane is utilized. Along the channel, the humidiﬁcation and
therefore catalyst utilization increases due to the produced water. This causes strong gradients
in the current density distribution along the channel. In contrast, high RH leads to better catalyst utilization and a more homogeneous current density distribution which causes the significantly higher cell performance for 90 % RH compared to 30 % RH reported in Figure 3.2.1A
Further insights can also be obtained from impedance simulations as impedances allow distinguishing processes occurring on different time scales. Detailed impedance analysis has been
performed by investigating the effect of the different sub-models on the overall impedance
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spectrum. The simulations reveal a signiﬁcant inductive contribution in the impedance spectra, which can be attributed to the relative humidity dependent ion conductivity as well as to
platinum oxide formation. This inductive behaviour gives a physical explanation to the often
experimentally observed discrepancy between measured low frequency resistance in the impedance measurement and the slope of the polarization curve at the corresponding current
density. The inductive loop bridges the gap between both values but is typically not measured
experimentally due to the low frequency.
The developed modelling framework NEOPARD-X also allows investigating degradation processes by direct coupling of the cell model with physical degradation models. Detailed models
on chemical membrane degradation and catalyst degradation have been developed and are
currently used to study the effect of operating conditions and identify possible stressors causing degradation. In this way, simulation-based development and interpretation of degradation
tests can be achieved.
Chemical membrane degradation causes deterioration of critical membrane properties such
as gas separation which ﬁnally causes the failure of PEMFCs. In order to identify the underlying physical processes the 2D PEMFC model has been extended to incorporate the mechanisms of hydrogen peroxide formation and reduction, a redox cycle of iron contaminants
in the ionomer phase, radical formation due to Fenton’s chemistry and radical attack on the
polymer structure [Futter 2018b]. Unzipping of the polymer backbone and scission of the side
chains have been considered as degradation mechanisms. The degradation model was validated against experimental data obtained in accelerated stress tests (ASTs). From theoretical
considerations, the inﬂuence of chemical membrane degradation on cell performance was revealed. It was shown, that the operating conditions strongly inﬂuence the kinetics and spatial
distribution of the membrane degradation. Degradation was found to be most pronounced
at elevated pressure, high relative humidity and high cell voltage close to the interface of the
anode catalyst layer and PEM.

Figure 3.9: a) ECSA evolution during the AST. Symbols
represent the measured values the line corresponds
to the simulation; b) Simulated average platinum ion
concentration (dotted red line) in the cathode catalyst
layer during AST potential cycling. The cell voltage is
shown as black line.

The loss of electrochemical active surface area (ECSA) at the cathode is one of the main causes
of performance degradation in PEMFCs. In order to investigate the catalyst degradation and
the inﬂuence of the operating conditions a multiscale degradation model has been developed, which includes the formation and reduction of platinum oxides, platinum dissolution,
particle growth due to Ostwald ripening, platinum ion transport through the ionomer, and
platinum band formation in the membrane. This degradation model again was coupled with
the 2D PEMFC performance model, and predictions regarding ion concentration, ECSA evolution and particle growth have been validated with dedicated experiments and literature data.
Degradations under several AST protocols and under steady state operation were compared.
The accelerated catalyst degradation during potential cycling was explained by the periodic
oxidation and reduction of the platinum particles and the consequent enhanced dissolution
(Figure 3.9).
The formation of the platinum band strongly depends on the operating conditions and its
position is mainly determined by the oxygen concentration. By comparing the correlation between platinum mass loss in the catalyst layer and the ECSA loss it was concluded that catalyst
degradation under AST conditions with nitrogen on the cathode side is not representative for
the degradation under normal operation. These insights from the simulations will be used in
the future to develop improved AST protocols which allow for a lifetime prediction under real
operation.

3.1.3 Electrolysis
Similar to the fuel cell models described in 3.1.2. physical multiscale models are also developed for electrolysers. Again, a better understanding of the underlying mechanisms as well as
the theory-based optimisation of the cells are the main goals of these activities.
Within the Kopernikus project P2X, a SOEC (solid oxide electrolyser cell) model has been developed which includes mass, charge and energy transport as well as an elementary kinetics
description of the reactions occurring during co-electrolysis operation. The model was implemented in the NEOPARD-X modelling framework and validated with polarisation curves and
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impedances measured under various temperatures and inlet gas compositions and provided
a physical interpretation of the observed impedance spectra. In particular inductive behaviour
at low frequencies was predicted by the model due to the temperature dependent ionic conductivity of the electrolyte.
By coupling the NEOPARD-X model with a downhill-simplex-algorithm a simulation-based optimisation of the SOEC operating conditions was achieved. In particular this approach allowed
the determination of the optimal gas ﬂow rates, temperatures and inlet gas compositions to
obtain a speciﬁc composition of the synthetic gas at given fuel utilisation and the thermoneutral voltage. Figure 3.10 shows the result of such an optimisation, where random initial
operating conditions were used for the downhill-simplex-algorithm. The obtained optimal
solutions marked by the red spheres lie on a straight line in the parameter space. In the future,
this approach could also be used for the optimisation of the design of fuel cells or electrolysers
with respect to performance or durability.

Figure 3.10: Simulation-based optimisation of the
SOEC operating conditions. The optima shown in red
are obtained after a few iterations from random initial
conditions.

3.1.4 Cross-Cutting Activities
An important aspect which fuel cells, electrolysers, and metal-air concepts have in common
is the coexistence of liquid phase and gas phase in their porous electrodes. The distribution
of the liquid phase has a signiﬁcant effect on reaction and transport in the porous structure
and, thus, on the performance of the cells. In recent years the Lattice-Boltzmann Method has
evolved as a powerful tool for the simulation of two-phase ﬂow in porous media. At CEC,
we develop 2D and 3D Lattice-Boltzmann models for the simulation of liquid phase and electrolyte distributions in PEM fuel cells, electrolysers, and metal-air batteries [Danner 2016b].
The LBM simulations can be conducted directly on tomographic reconstructions provided by
our experimental partners. Based on these simulations, effective transport parameters and
active surface areas for continuum simulations on the cell level are derived. This multiscale approach represents a powerful methodology for a systematic improvement of the performance
of our electrochemical cells.
Starting in 2020 a new cross-cutting activity will be launched in the ﬁeld of thermochemical
microstructure based simulations together with the Department of Thermal Energy Storage
(TPT). As a ﬁrst project, the complex agglomeration behaviour of lime which restricts the efﬁciency of thermochemical storage devices will be modelled and simulated. This project will be
the seed for further advanced modelling research for thermal storage devices.
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3.2 Thermal Energy Storage
With a staff of approximately ﬁfty employees, the Department of Thermal Process Technology
(TPT) focusses on research topics around thermal energy storage and heat management. It
develops and experimentally veriﬁes cutting-edge thermal energy storage solutions for applications, providing an increased level of ﬂexibility and resilience to the energy system. As
a cross-sectional technology, thermal energy storage (TES) has the potential to satisfy the
demand for ﬂexibility at low costs in particular for the interface between the electricity and
heat sector, e.g. through heat-based electricity storage technologies, if storage costs can be
brought down through maximized material utilisation.
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To tap the full potential of TES for an advanced future energy system, a fundamental understanding of the underlying processes and their interconnections is required on different levels.
On the material level, elaborated analysis methods to characterize materials and reaction
systems in relevant bulk scale are necessary. There is still a lack of correlations for material
properties under storage operating conditions for advanced high-temperature materials for
the storage of sensible, latent and thermochemical heat. Reliable, profound data is especially
needed for subsequent implementation into numerical models. On the component level, the
design of the storage arrangement builds the basis for a full utilisation of the storage capacity
and the functionality of the material: a design optimising the thermal performance requires
creative solutions for a best possible internal heat transfer. Reliable model-based lifetime assessment is a must to ﬁnally ensure proper storage operation over several decades in an industrial environment. Therefore, highly accurate numerical models, validated with dedicated
experimental setups, form the toolbox for a tailor-made storage design matching the requirements on a system level and – at the same time – meeting cost targets.
Due to the cross-sectional nature of thermal energy storage, its purpose and beneﬁts on a
system level are highly diverse. As a consequence, our application-oriented research covers
the full spectrum of high-temperature storage technologies at different technology readiness
levels. Combining these different research topics within one department is one of our distinct
strengths and forms the basis for our leading role in the ﬁeld of thermal energy storage.

3.2.1 Sensible Thermal Energy Storage
Three principles for the storage of thermal energy can be distinguished: sensible, latent and
thermochemical storage. In the case of sensible storage, the storage medium is heated or
cooled. The range of application is extensive, ranging to power plant applications using
high-temperature-resistant liquids or solids at the gigawatt-hour scale. Storage media can be
liquids or solids. Both types are addressed in the following section.

Fundamentals of Solid Media Sensible Thermal Energy Storage
In solid media heat storage, also called regenerator heat storage, thermal energy is stored
by the heating and cooling of inorganic materials. These are usually designed as stackable
shaped stones refractory ceramics or beds of ceramic packing. These solids can be used for
heat storage at temperatures of 1000 °C and beyond, and therefore achieve high energy
storage densities. This heat storage technology is particularly well suited for power plant processes with gaseous heat transfer media, such as air or gas turbine ﬂue gas.
To achieve cost advantage, TES can be based on bulk materials such as packed beds. However,
the thermomechanical loads resulting from the cyclic thermal expansion of the materials bear
the risks of premature failures. A numerical prediction of thermally induced mechanical loads
with a computational uncertainty of less than 10 % is therefore crucial to prevent a breakup
of storage particles and the destruction of container wall insulations.
Figure 3.11: Thermally induced forces in a packed bed
solid media storage (right) and force distribution (left)
as obtained from large-scale numerical simulation using the LIGGGTHS software.

To set the basis for the required design tools, a simulation methodology was established. It
uses a particle-discrete simulation model to predict the time-varying forces (see Figure 3.11).
The model has been experimentally validated and used to deduce protective measures in
several applications. It accurately describes all relevant effects, including the displacements
of each individual particle, the bed densiﬁcation and the stochastic nature of the mechanical
process. Further deployment of the model is the development and parameterisation of continuum mechanics model for time-efﬁcient simulation of large TES structures [Dreißigacker
2015, Knödler 2019a, Knödler 2019b]. Ongoing work is dedicated to transfer the underlying
methodology to the treatment of the thermal ratcheting in thermocline molten salt storage
tanks with ﬁller materials.
Power-to-heat (PtH) technologies combined with high-temperature thermal energy storage
can make signiﬁcant contributions to increased operational ﬂexibility of power plants and
high-temperature industrial processes as well as to CO2 mitigation. Such applications require
technical solutions for generation of high temperature heat at temperatures of up to 700 °C.
The work is targeted to maximise power density and cost effectiveness and includes qualiﬁ-
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cation in pilot scale, i.e. at the test facility HOTREG. The target value for the energy density is
700 kWh/m³. Research work focusses on the conceptional design of novel concepts for the
induction heating of electrically conductive beds, design calculations and their experimental
veriﬁcation (see Figure 3.12).

Application of Solid Media Sensible Thermal Energy Storage
Adiabatic compressed air energy storage (ACAES) uses both compressed air caverns and heat
storage units for high-efﬁciency electricity storage. Solid media storage can be particularly
well adapted to this application. The ADELE concept for Adiabatic compressed air energy storage has been established in a joint effort with industrial partners and in a series of third-party-funded projects [Finkenrath 2015], [Dreißigacker 2017b]. The development of suitable TES
technology and its integration into the overall process have been advanced to a state of
demonstration maturity representing the state-of-the-art for this technology today.

Figure 3.12: Experimental setup for the investigation
of novel concepts for the inductive heating of solid
media storage in bulks

Viable options for TES concepts have been identiﬁed and adapted to process needs. Efﬁcient
plant conﬁgurations have been elaborated and assessed. The capital costs of the technology
could be reduced to 320 €/kW, which corresponds to the cost level of pumped hydro plants.
Round-trip efﬁciency could be increased from 50 % to about 70 % by thermal storage integration.
Striving for a further improved cost-efﬁciency, solutions have been developed to integrate
power-to-heat technology into the process. Achievements include a smaller size of all major
plant components due to an increased TES energy density and increased operational plant
ﬂexibility, opening up opportunities on various electricity markets. The additional capital cost
reduction amounts to 10 % for promising conﬁgurations, albeit with a moderate loss of
round-trip efﬁciency [Dreißigacker 2017a].

Fundamentals of Molten Salt as Sensible Thermal Energy Storage
In the case of liquid media storage, several media are could be potentially used for sensible
thermal storage in the high-temperature range. These differ in temperature and pressure
range. Molten salt has speciﬁc advantages and has been known as heat transfer ﬂuid for
decades. Since about 2005, molten salt storage tanks have been used on a large scale in solar
thermal power plants in the temperature range of 280 °C to 560 °C.
Still, today’s operating range of molten salt clearly limits its widespread application. For
low-temperatures unwanted salt freezing may arise. Higher operation temperatures are desirable in order to increase the power block efﬁciencies. However, at elevated temperatures
metallic corrosion, and thermal decomposition of molten salt occurs, which is insufﬁciently
understood.
A new method has been developed to identify multi-ion salt compositions with reduced melting temperature (see Figure 3.13).

Figure 3.13: Phase diagramme of interpolated liquidus
temperatures of molten salt mixtures as obtained from
measurements of several mixtures including the minimum melting mixture obtained from the newly developed synthesis method.

Thereby, the number of experiments is signiﬁcantly reduced compared to conventional
high-throughput methods. LiNO3-Ca(NO3)2-NaNO2-KNO2 with a 24.6-13.6-16.8-45.0 mass
percentage has been identiﬁed as a promising candidate. The mixture is characterised by an
increased heat capacity and a melting temperature as low as 70 °C [Bonk 2018].
The upper operating limit of commercial molten salt storages is denoted by the thermal stability of the used nitrate-based Solar Salt. To investigate salt mixtures at operating temperatures
above 560 °C speciﬁcally designed autoclave systems, in-situ and post-analysis methods were
established. Detailed investigations of thermal decomposition phenomena of Solar Salt containing sodium nitrate and potassium nitrate revealed strong interaction between the molten
salt and the surrounding gas atmosphere [Bonk 2018]. A comprehensive screening and assessment of carbonates, sulfates, chlorides and ﬂuorides was conducted for signiﬁcantly higher operation temperatures. Chloride salts and speciﬁcally MgCl2-KCl-NaCl were investigated
as a disruptive solution allowing operation at 700 °C and above. Several mitigation strategies
against corrosion of structural materials were examined including controlled dehydration processes, corrosion inhibitors in molten salt, electrochemical molten salt puriﬁcation and protective layers using pre-oxidized Fe-Cr-Al alloys [Ding 2018].
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As molten salt is being used as a heat transfer ﬂuid and TES medium, the related research
work is linked to the program „Renewable Energy,” of the Helmholtz Association, in particular Topic 2 CSP and the recent commercial market introduction in CSP plants.

Application of Molten Salt Storage
Today, molten salt storage in two-tank systems are exclusively used in commercial CSP plants.
The approach to use one single tank instead and substitute a signiﬁcant storage volume with
low-cost ﬁller material has a high potential to reduce capital TES costs by up to 40 %. In such
a thermocline concept, a temperature zone moves through the packed bed in the tank when
charged with hot salt from the top or discharged with cold salt from the bottom. At the end
of the corresponding cycle there is a drop of the transferred thermal power and thus the storage efﬁciency for this concept. Modelling results for an entire CSP-system showed that the
effective capacity of the storage is reduced by this temperature drop. Hence, overall system integration and optimisation of the molten salt thermocline ﬁller storage are prevailing research
aspects. One of the major highlights of the work of DLR is the construction and commissioning of the unique molten salt test facility TESIS. Experimental results are shown in Figure 3.14.
In 2019, the single-tank ﬁller concept was experimentally proved. In this ﬁrst of its kind tests,
nine successive charge and discharge cycles in a scale of 4 MWh with Solar Salt temperatures
of 290 °C and 560 °C were demonstrated [Odenthal 2019]
Figure 3.14: Thermocline ﬁller temperature proﬁle
during the charging period obtained from measurements in the TESIS plant in the 4 MWh scale.

3.2.2 Latent Thermal Energy Storage
Thermal energy storage by means of a phase change uses the phase transition of a material
in order to store large amounts of heat at constant temperature, or by using the sensible heat
of the material in the solid and/or liquid phase as well. This reaches very high speciﬁc energy
storage densities up to several hundred kWh per cubic meter. The research ﬁeld on latent
TES at DLR mainly addresses the development of storage solutions from 150 °C to 550 °C,
ﬁtting very well to all kind of steam applications. One of the main fundamental challenges to
prepare latent thermal energy storage for a broad market is thereby the functional design of
heat exchangers between the heat transfer medium and the phase change material. DLR has
reached a unique position in the research community on account of its strong focus on the
general controllability of thermal charge and discharge power, as well as the separation of
the latter from capacity and load condition of the storage. Apart from this focus, all relevant
research aspects reaching from in-depth material analysis over the development of numerical
models up to the construction of storage prototypes are covered.

Fundamentals of Latent Thermal Energy Storage

Figure 3.15: Liquid phase fraction (grey scale) and
temperature distribution (colour scale) at 76 % molten
stage in ﬁnned tubes being designed on basis of a numerical shape-optimization procedure [Johnson 2017].

The challenge of heat transfer from a Phase Change Material (PCM) to a heat transfer medium is its decreasing behaviour during discharging, which occurs for any latent heat storage.
This is due to an increasing layer of solidiﬁed PCM with low thermal conductivity that is building up on the heat transfer surface. Speciﬁcally designed ﬁnned tube and ﬂat plate structures
for improved heat transfer are under investigation at temperatures up to 350 °C and heat
transfer medium pressure of more than 100 bar. A numerical ﬂuid ﬂow and heat transfer
model for natural convection with melting and solidiﬁcation was established on the basis of
the enthalpy-porosity model in the commercial computational ﬂuid dynamics CFD software
ANSYS FLUENT. The model was validated experimentally with a generic ﬂat plate setup and
applied for the design of different heat transfer structures, Figure 3.15.
Based on a parameter study, the geometry-dependent correlation function for the mean convective enhancement factor and the critical liquid phase fraction for natural convection onset
were found [Vogel 2016, Vogel 2019].
The PCMﬂux concept developed at DLR is an active, latent heat storage concept. It separates
the PCM mechanically by an intermediate ﬂuid layer from the heat transfer surface. It avoids
the formation of a growing layer of solidiﬁed storage material covering the heat transfer
structure, thereby enabling a constant and controllable power output. Feasibility of this concept has been proven in lab-scale. Theoretical analysis of the concept provided a correlation
between the thermal power being transferred and the feed rate of the storage material inde-
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pendent of geometry and thermo-physical properties. The correlation shows good agreement
with experimental results. Thermography was used to examine the phase change in the salt
while passing through the heat transfer section of the storage system [Pointner 2016]. The
feasibility of the PCMﬂux concept at an enlarged scale of 10 kW has recently been demonstrated. Motivated by the results of the PCMﬂux concept, an active heat exchanger for high
surface-speciﬁc heat transfer at temperatures up to 600 °C is being developed [Tombrink
2019]. This concept is adapted from a so-called ﬂake ice machine. It is designed for a very low
temperature difference between water/steam as the heat transfer medium and a PCM as the
storage medium. It consists of a rotating drum completely or partly immersed in liquid PCM.
Due to the active removal of the solid PCM layer on the heat exchanger surface, time-constant
speciﬁc heat exchange and a very low-temperature difference between the two media can be
achieved, Figure 3.16.

Figure 3.16: Controllable active heat exchanger
concept developed and demonstrated at DLR for ultra-high surface-speciﬁc heat transfer between solidifying PCM and high-pressure steam.

Application of Latent Thermal Energy Storage
The ﬁnned-tube concept for latent heat storage has been applied to develop and build a
large-scale storage with a thermal power of 6 MW for steam collateralisation. The storage is
being integrated into an operating cogeneration plant of STEAG providing superheated steam
at around 25 bar and a minimum temperature of 300 °C. The commissioning is imminent.
For proper design, an innovative coupled heat transfer medium-PCM modelling approach was
developed in Dymola, allowing transient simulation of the storage-charging and -discharging
process. With this model, ﬁnal storage design including 852 tubes for transferring the thermal
power into 32 tons of nitrate salt were detailed for the ﬁrst time (see Figure 3.17).
Temperatures within the storage could be predicted numerically as well as inlet and outlet
temperatures of the heat transfer medium during charging and discharging. At the lower,
cold end of the vessel, the solidiﬁed salt will also be used for sensible storage [Johnson 2018].

3.2.3 Thermochemical Energy Storage
Thermal energy storage by means of a chemical reaction combines the potential to store thermal energy without losses with the possibility to adjust and control the storage temperature.
Both aspects are unique features that broaden the application spectrum of thermal energy
storage in general, e.g. pre-heating concepts with heat release on demand as well as longterm storage and thermal stores with an integrated heat pump effect (thermal upgrade or
cooling).

Figure 3.17: New technology readiness level reached
after more than ten years of continuous R&D at DLR:
6 MW latent thermal energy storage for steam collateralisation at 300 °C being integrated for the ﬁrst
time in an operating cogeneration plant in September
2018.

The thermochemical energy storage research ﬁeld at DLR focusses its research on the gap
between the fundamental research of thermochemical reactions on one side, and the requirements for application-oriented technology development on the other. The key to bridging this
gap is the understanding of inherent processes during reaction of the powder bulk material.
This includes intrinsic reaction kinetics along with heat and mass transfer as well as structural
changes, volume changes and degradation aspects during cyclic operation. For this purpose,
we have designed and built, in-house, several unique test rigs that allow for full automated
cycling of reactive bulks in representative scale, temperatures and reaction gas pressures.
We have identiﬁed and characterised various systems for storage and upgrade that cover
speciﬁc temperatures in the range from 100 °C to 550 °C, e.g. [Richter 2018, Schmidt 2017,
Schmidt 2017, Gutierrez 2018]. Additionally, reversible reaction systems forming hydrides,
such as Lanthanum or Titanium based alloys have been characterised [Kölbig 2019, Dieterich
2017] thereby identifying their extremely high-power density even at low temperatures that
can be used for pre-heating or cooling applications. These investigations form the basis for an
application-oriented reactor and system development that allows to utilise the full potential of
thermochemical stores. As one example, Figure 3.18 shows an innovative reactor design that
has been produced by additive manufacturing in order to minimise weight and maximise heat
and mass transfer in a very compact unit.
The current design is derived from our simulation tool that has been constantly improved
along with our experimental progress and understanding.

Figure 3.18: 3D printed reactor for fuel cell pre-heating. The unique design combines excellent heat and
mass transfer inside the reactive powder with a minimum of passive mass and unused void fraction.
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In this context, DLR-TT offers excellent conditions to tackle the open questions of thermochemical systems that are related to microscale processes, such as agglomeration tendency or
reduction of reactivity, and their impact on reactor scale. For this purpose, the research ﬁeld
on thermochemical energy storage cooperates with the competence ﬁeld of Energy Storage
Simulation in order to beneﬁt from fundamental analogies between electrochemical and thermochemical processes on a microscale.

Application of Thermochemical Systems

Figure 3.19: Proof of concept of a thermochemical system based on hydrated lime that allows the separation
of the reaction part (centre) and the storage unit (back
left) for long-term storage with low power-to-capacity
ratio

Thermochemical energy storage is still in research phase. However, we concentrate our application-oriented work on three unique features of thermochemical systems that could lead
to innovative technological solutions. (1) Based on 10 years of experience in thermochemical
energy storage with hydrated quicklime, a ﬁrst of its kind, lab-scale thermochemical energy
storage, which separates power and capacity has been brought into operation (compare Figure 3.19). This system allows the combination of the long-term storage possibility of chemical
reactions, low cost and abundantly available reactants such as quick lime and water. (2) A
speciﬁc feature of gas-solid reactions combines TES with the possibility to increase the temperature for discharging. A special chemical heat pump that allows the storing and upgrading
of thermal energy in one unit has been developed for the recovery of industrial-waste heat.
Starting from fundamental material characterisation and theoretical calculations, we have
designed a scalable reactor concept and demonstrated, for the ﬁrst time, a thermal upgrade
driven by waste heat of up to 100 K within a thermal energy store. (3) Due to fast reaction
rates, metal hydride based thermochemical systems offer high speciﬁc power densities that
allow the realisation of compact pre-heaters or innovative heat pumps for mobile applications
[Weckerle 2019, Weckerle 2017], [patent no. 102016110062.5]. Figure 3.20 shows the ﬁrst
of its kind heat pump that is able to utilise the on-board available potential energy of compressed hydrogen for heating or cooling purposes. The system has been developed in close
cooperation with the neighbouring DLR-Institute of Vehicle Concepts in 8 kW scale.

3.2.4 Cross-Cutting Activities
Figure 3.20: Test rig for the integrated metal hydride
cooling system (front left) established in close cooperation with DLR-Institute of Vehicle Concepts

Carnot Batteries are an emerging technology for the inexpensive and site-independent storage of electric energy at medium to large scale. Also referred to as Pumped Thermal Electricity Storage (PTES) or Pumped Heat Electricity Storage (PHES), a Carnot Battery transforms
electricity into heat, stores the heat in inexpensive thermal storage media and transforms
the heat back into electricity when required. DLR-TT develops tailor-made solutions for the
key-component „thermal energy storage” and develops and characterises innovative process
layouts [Steinmann 2017, Steinmann 2019]. In the framework of the H2020 project, CHESTER
world’s ﬁrst Carnot Battery based on Organic Rankine Cycles in combination with Smart District Heating is being built in a joint effort with European partners. Addressing the EU goals for
member states to reduce their energy consumption, the CHESTER project aims at developing
a cost competitive, innovative system that will allow for energy management, storage and
dispatchable supply of many different renewable energy sources through the combination of
electricity and heat sector.
Concentrating Solar Power (CSP) plants are commercially available but still require improvements in the thermal energy storage system. These improvements include reduced capital
cost, improved reliability, lower environmental impact and higher operation temperatures to
increase efﬁciency of power cycles. In close collaboration with the Institute of Solar Research,
DLR-TT develops novel solutions and concepts for TES and CSP. Research aspects include new
and improved storage, heat transfer ﬂuids, as well as TES concepts aligned with power plant
needs.
The increasing electriﬁcation of vehicles has a direct and substantial impact on their Thermal
Management. This is not only related to the thermal comfort of passengers but also to the
thermal requirements of electrochemical components such as batteries or fuel cells. In this
context, the research ﬁeld Thermal Energy Storage collaborates closely with the DLR-Institute
of Vehicle Concepts to develop new integrated storage and heat pump concepts for automotive thermal management. While cost-efﬁcient thermal energy storage with high storage
density can help to reach the same driving range of battery electric vehicles during all seasons,
innovative thermochemical systems based on metal hydrides are able to utilise the potential
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energy of compressed hydrogen to generate on-board cooling. In a joint effort, the institute
TT developed a ﬁrst of its kind thermal energy store that is free of losses and able to generate
thermal energy on demand, e.g. for fuel cell pre-heating. As a part of the Helmholtz-Enterprise project Fuel Cell Power Pack (FCPP) and TT’s research ﬁeld Electrochemical Energy Storage, this storage is able to uptake thermal energy during nominal fuel cell operation and to
preserve it until the subsequent cold-start.

3.3 Electrochemical Energy Storage
Electrochemical technologies will play an essential role in an energy system dominated by
renewable energy. The direct interconversion between chemical energy and electrical work
is the enabler for higher efﬁciencies, novel functionalities, and ﬂexible modular applications.
In particular, an increasing share of renewable electricity will lead to the necessity of energy
storage for low and medium capacities in batteries, and for large capacities in hydrogen. In
addition, green hydrogen produced by electrolysis from renewables will be the basis for the
chemical industry (ammonia, methanol, reﬁneries, etc.), and for synthetic fuels. Furthermore,
electric mobility requires superior batteries and fuel cells to enable emission-free propulsion.
High efﬁciencies in the stationary sector are also important to achieve the energy saving goals
of the energy transformation in Germany. The importance of these technologies is highlighted
in Figure 3.21.

Batteries
•
•
•
•

Electro mobility
Grid stability
Use of renewables
Flexibility of power supply

The activities of the Department of Electrochemical Energy Technology (ECE) with a staff of
60 people range from materials development, cell design, stack development, manufacturing and advanced diagnostics up to system optimisation. For speciﬁc innovative applications
demonstrators and prototypes are developed. Scientiﬁc and technical challenges for ECE include ﬁnding solutions to conﬂicting goals of efﬁciency, durability, safety, reliability and cost
reduction.

3.3.1 Batteries
Electrolysis
Today’s Lithium-ion technology has reached a superior maturity and performance level conquering the portable electronics market. But it falls short of meeting the demands dictated by
the powering of both hybrid electric and electric vehicles, or by the large-scale storage of renewable energies (wind, solar). Therefore, ECE activity aims at developing novel cell concepts
with revolutionary improvements in energy density, e.g. metal-sulphur and metal-air, as well
as in qualifying Lithium-ion technology for new applications in transport and energy sector, in
particular regarding their cycling and safety properties. This is performed in close collaboration
with the modelling activities of the Department CEC that provide important information for
better understanding and rational development.

• Chemical Storage (TWh)
• Flexibility of power supply
• Renewable fuels and chemicals

Metal-sulphur Batteries
Facing the major challenges of insufﬁcient energy density in electrochemical storage, the battery group is investigating promising metal-sulphur batteries besides conventional Lithium-ion
battery technology. Starting with lithium-sulphur batteries, the group has achieved signiﬁcant
progress in electrode preparation as well as in the fundamental understanding of the complicated sulphur related processes, which have been applied to magnesium batteries. By applying alternative fabrication methods like wet-powder spraying [Canas 2015] or tailored carbon
matrices like carbon aerogels with large micro-pore volume [patent no. 102018123285.3],
the discharge capacity as well as cycle stability of sulphur cathodes could be signiﬁcantly
increased. A gas phase inﬁltration procedure was established for aerogel materials to incorporate small sulphur S2 molecules into the nanoporous structure. In this way, the application of
carbonates as electrolyte solvent is possible, as there is no direct contact of sulphur with the
electrolyte, making it a quasi-solid state reaction.
In addition to lithium, magnesium metal is also considered as an anode material in metal-sulphur batteries. Although many parallels regarding the general redox mechanism and the polysulﬁde shuttle exist, the signiﬁcant differences from the lithium-sulphur (Li-S) system are the
slow kinetics and the passivating character of surface layers formed on the magnesium anode.
The latter was counteracted with the use of magnesium powder anodes offering large sur-
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Energy efﬁciency & co-generation
Electro mobility
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Energy storage

Figure 3.21: Overview of the activities of the Department ECE which play an essential role in an energy
system dominated by renewable energy.
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face area and, therefore, smaller current densities [Sievert 2017]. Electrochemical impedance
spectroscopy (EIS) was applied in full and symmetrical cells to study the capacity fading [Risse
2016]. In addition, electrode/electrolyte interfaces in Li-S and Mg-S cells were examined, respectively. Therein, magnesium features a rapid charge transfer but large impedances on the
solid-electrolyte interface (SEI) and adsorption layer (Figure 3.22). The sulphur cathode hinders
the charge transfer reaction due to the insulating character of sulphur.
For chemical analysis the operando X-ray diffraction (XRD) cell developed at DLR was used
to verify the formation of the solid product Li2S at the end of the discharge and to identify
the origin of the capacity decay [Canas 2015]. Recently, sulphur dissolution and polysulﬁde
diffusion were pursued with operando ultraviolet and visible light (UV/VIS) spectroscopy during cycling. In addition, operando microscopy was performed to visualize both colouring by
sulphur species as well as the inhomogeneous stripping and plating behaviour of magnesium
and the possibility of dendrite formation.

Metal-air Batteries

Figure 3.22: Schematic cross-section of an Mg-S cell
with a corresponding equivalent circuit model

One of the main research activities in the ﬁeld of metal-air batteries is the development of
reversible air electrodes with improved electro-catalytic activity during oxygen reduction and
oxygen evolution reaction. A very promising bifunctional catalyst system was found to be a
mixture of Ag or Ni powder and nano-Co3O4 powder using polytetraﬂuoroethylene (PTFE) as
binder. By varying the powder composition and production parameters a gas diffusion electrode with superior performance was developed and successfully cycled. This new highly stable and active cathode with DLR patent-registered composition [patent no. 102014102304.8]
shows a low over-potential for both oxygen reduction and oxygen evolution reaction. In addition to the production and characterisation of bifunctional electrodes, fundamental investigations were performed regarding the oxidation state and stability of ion redox-pairs involved
during charging/discharging process [Wittmaier 2015]. Cycling leads to changes in oxidation
states that have a signiﬁcant impact on the current densities and stability of these cathodes.
Pure silver and combined Ag/Co3O4 electrodes were investigated for the ﬁrst time using XRD
and X-ray photoelectron spectroscopy (XPS) to analyse material changes between selected
potentials along a recorded cyclic voltammetry (CV) spectrum (upper picture in Figure 3.23).
This CV spectrum corresponds to the relevant states of a full battery cycle. One can observe
the decomposition process of the unstable mixed oxide Ag(I)Ag(III)O2 (Ag2O·Ag2O3) phases to
Ag2O with the release of oxygen over time. In addition, an XRD-mapping of electrodes shows
the homogeneous distribution of the oxides and metallic phases in the electrode. These results represent the ﬁrst combined study by CV, XRD and XPS on Ag and Ag/Co3O4 cathodes
for metal-air batteries.
In addition to the fundamental investigation of cathodes for Li-air batteries, the activities have
been extended to a Zn-air system with aqueous and organic electrolytes. These investigations
result in a novel secondary zinc/silver-air battery with increased capacity and expanded usable
potential range [patent no. 16201937.6]. For the systematic study of the electrode/electrolyte
interface and to investigate the stability and reactions of the electrolyte during charging and
discharging of a Zn-air battery, an in-situ UV/VIS measuring cell has been developed. From
measurements with a potassium hydrate (KOH) based organic electrolyte, the stability of the
potassium citrate can be determined to a maximum of 1.9 V vs. Zn via the pH value. Furthermore, UV/VIS spectra show that changes in the electrolyte occur even at voltages of 1.4 V vs.
Zn.

Lithium-ion Batteries

Figure 3.23: Relevant potentials along a full CV cycle
of an Ag/Co 3O4-electrode (upper picture) and corresponding XRD spectra
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The main focus of the group with regard to Lithium-ion batteries is largely based around the
implementation of in-situ and operando techniques to gain insight into cell characteristics and
to understand how the materials behave during cycling. In the last 5 years, research in this
ﬁeld was mainly driven by the project „Li-EcoSafe” funded by the German Federal Ministry of
Education and Research (BMBF), which is part of the German „Excellent Battery Initiative”. Its
goal is the development of safe and sustainable electrode materials for Lithium-ion batteries
(LIB).

In the frame of the project, signiﬁcant work has been devoted to improving the understanding of SEI formation on the anode side (originating from electrolyte reduction) and its evolution during cycling. This is highly relevant as SEI formation is decisive for the appropriate
functioning of the cell and is one of the main factors responsible for aging during long-term
cycling. Building on previous work on this topic, the group could further contribute to the scientiﬁc understanding with a comprehensive EIS study on state-of-the-art graphite [Steinhauer
2017 a] as well as the alternative anode materials silicon and lithium titanate [Steinhauer
2017b]. The studies investigated temperature effects on SEI formation and the effect it has
on resistance during cycling as well as how the composition of SEI is related to the anode
material. EIS is a core competence of DLR as evidenced by external cooperation wishes such
as post-mortem analyses conducted together with KIT [Dreizler 2018]. Here, the performance
and aging of cells were investigated as a function of cathode properties and synthesis method. On-going work on operando techniques involves the development and application of the
segmented cell measuring technique which has been patented as a concept during Li-EcoSafe
[patent no. 102017109233A1] and further scaled to entail implementation into pouch-cells
as schematically shown in Figure 3.24.

Figure 3.24: Schematic representation of the patented
segmented Lithium-ion pouch cell

For the latter, a small production line has been set up which extends the group’s capabilities
from small laboratory cells to such resembling more closely technical applications. The segmented cell allows elucidation of inhomogeneous ageing phenomena present in large-format cells. This can be observed via the current density distribution, temperature gradients
and inhomogeneous aging, all of which can be revealed by this measuring technique during
operation. Particularly, locally resolved EIS is highly relevant and has never been reported in
literature. Application of the method and its further development is an important part of two
additional projects (EU-project „Defacto” and „ExcellBattMat” by BMBF) which started at the
end of 2019.
One further example which generated particular interest in the scientiﬁc community in the last
years was XRD analysis of graphite anodes, which was the ﬁrst of its kind at elevated temperatures [Cañas 2017]. This method, for which a custom-made cell and set-up were built, allows
monitoring and to a certain extent, quantiﬁcation of the intercalation process of lithium into
the graphite structure. This is facilitated through the expansion of the lattice constant of the
graphite during lithiation, which in turn, gives information on the occurrence of the different
lithiated graphite phases. Its applicability was demonstrated at different temperatures with
different chemistries and is currently further extended to low temperature cycling. The same
method together with modelling work of CEC was employed to correlate lithiation state to
overall cell expansion during cycling in the publicly funded project „ALIB”.
Furthermore, the development and theoretical considerations of new LIB materials and coating techniques were part of the scientiﬁc output to a smaller extent. Accordingly, electrodes
of the promising next generation anode material LTO were fabricated using a solvent-less
dry-deposition technique and thoroughly characterised [Park 2016]. This was the ﬁrst-ever
mentioned example of dry-deposition of LIB electrodes in literature, a process which at the
moment, is gaining substantial attention in industry, as it is argued to dramatically improve
the energy-intense cell manufacturing process. Ultimately, building on the experimental work
on silicon-based anodes of „Li-EcoSafe”, graphite-silicon alloys served as an experimental
benchmark for a collaborative theoretical study with the University of Cordoba [Otero 2018].
Here, an analytical model was developed, which can be employed to reveal the governing
electrode properties for designing next-generation LIB anodes and to guide their optimisation
with regard to energy density and cyclability.

3.3.2 Fuel Cells
Low Temperature Fuel Cells
The reduction of Pt loading to a level of about 0.1 mg·cm-2 is one of the main development
tasks to ascertain a sustainable market penetration of polymer electrolyte membrane fuel cells
(PEMFC). In parallel, a lifetime and power density increase is required. In 2016, the reduction
of Pt loading down to 0.2 mg·cm-2 could be achieved at a power density of ~1 W·cm-2. However, the performance requirements have become more challenging and after 2020 a power
density of 2 W·cm -2 is requested even for lower Pt loadings. Hence, future activities to obtain
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(a)

(b)

fundamental understanding about the performance limitations at ultra-low Pt loading will
continue within the framework of the new Fuel Cell and Hydrogen Joint Undertaking (FCH JU)
project „FURTHER-FC”. In addition, achieving sufﬁcient durability of the cell at low Pt loading
remains a tremendous challenge with the need to ﬁnd creative solutions.
DLR has demonstrated that voltage losses increase dramatically especially at high current
densities for Pt loadings below 0.25 mg·cm-2 as depicted in Figure 3.25 a) [Gazdzicki 2018].
Thereby, the investigations show the necessity to discriminate reversible and irreversible voltage losses and also to understand and implement recovery procedures for the reversible losses
[Gazdzicki 2016]. Moreover, the results show that PEMFC operation under dynamic conditions can lead to signiﬁcantly lower degradation and higher homogeneity of current density
distribution compared to stationary operation which is demonstrated in Figure 3.25 b).
Further research was focussed on the local analysis of the inﬂuence of temperature and humidity on performance stability [Sanchez 2016] of impact of local drying, and local contaminants on degradation [Garcia Sanchez 2017], as well as on strategies to avoid degradation
due to freezing [Knorr 2019]. Starting in 2018, a particular effort has been dedicated to identifying critical operation conditions and stressors in order to develop operando accelerated
stress tests (ASTs) for fuel cells as well as for PEMELs.

Figure 3.25: a) Dependence of irreversible degradation of PEMFC as a function of Pt loading and current
density, b) Irreversible degradation at constant and
dynamic operation along with current density distributions monitored at end-of-test.

(a)

Regarding fuel cells, new developments in segmented cell technology were achieved by combining it with monitoring of local relative humidity. This new device was presented at the f-cell
2019 (Figure 3.26). Moreover, a segmented cell for high-temperature PEMFC was developed
in the framework of the „e4ships” project of the NIP program.
In terms of component development for PEMFC signiﬁcant progress has been achieved by
improving the dry spraying process for the preparation of electrodes by optimising catalyst
powder properties (Figure 3.27) [Talukdar 2019a].
Moreover, a new freeze-drying step in the electrode preparation process was developed which
allows signiﬁcantly increasing the electrode porosity and decreasing the mass transport resistance [Talukdar 2019b]. Currently, ongoing activities are aiming at understanding the inﬂuence
of electrode structure properties on the performance of Pt-based PEMFC as well as on the
development of novel platinum group material free cathode electrodes for PEMFC.

(b)

At DLR, a wide temperature range PEMFC stack with BPPs was developed in 2015, which
allows operation up to 120 °C [Ruiu 2016]. Currently, an ongoing activity is dedicated to the
development of a PEMFC stack with metallic BPPs of 60 cm² active area, which is designed for
the application in fuel cell cargo pedelecs within the framework of the EU project „fuel cell
cargo pedelec – FCCP” (Figure 3.28).
Regarding system components, a thermal management system for an automotive PEMFC
system was designed in the FCH JU project „INN-Balance”. Moreover, in the national project
„COALA” operation strategies and their optimisation at system level have been developed
[Piela 2017].

(c)

Figure 3.26: Segmented BBP for: a) alkaline water
electrolysis, b) anion exchange membrane electrolysis,
c) PEMEL.
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It is necessary to produce cost-effective and stable PEMFC stainless steel BPPs for automotive applications. In this regard, DLR developed bi-layer coatings made of gold and titanium
(patent pending) by electrodeposition and vacuum plasma spraying (VPS), respectively. The
coating protects the substrate material against corrosion and reduces the contact resistance
meeting the requirements of the Department of Energy (DOE, US government). The Au/Ti
coating offers an additional feature which is the improvement of water management and,
thus, the efﬁciency of the PEMFC at high current densities (Figure 3.29).
High-temperature PEM fuel cell technology at 180 °C operation is currently in progress of maturing to reach the efﬁciency and durability challenges set by DOE and FCH JU. High-temperature polymer electrolyte membrane (HT-PEM) fuel cell-based systems will be launched shortly
and production numbers are increasing. However, critical raw materials like platinum are one
of the biggest challenges that HT-PEM technology is currently facing due to the 10-fold higher
Pt content compared to low temperature polymer electrolyte membranes (LT-PEMs). In the

course of reducing platinum DLR-Oldenburg site ﬁrstly focused on electrochemical stability of
Pt catalysts [Schonvogel 2016]. By modifying the catalyst support, material improved catalyst
stability has been achieved [Schonvogel 2018] (Figure 3.30).
Sustainability of materials for fuel cells led to the approach of introducing biochars as carbon
support materials for fuel cells, e.g. biochar from coconut shells [Schonvogel 2019]. Within a
novel approach from rye straw the challenge of mass transport limitation issues well known
for Pt-free catalyst materials in low and high-temperature fuel cells has been improved. The
new catalyst support utilises transition metal-nitrogen compounds.
With regard to HT-PEM fuel cell durability the DLR-Oldenburg site demonstrated together
with the project partners of the FCH JU project CISTEM that durability of HT-PEM membrane
electrode assemblies exceeds more than 16.000 hours of continuous operation (Figure 3.31).
In addition, the overall degradation rate was decreased to less than 4 µV/h mean value [Raststedt 2016], which at that time in 2016 was a new stability record. DLR has shown that HTPEM technology is absolutely suitable for stationary applications in combined heat and power
systems (CHPs) up to 100 kW of electrical power [Pinar 2017]. Strategies for operation of a
HT-PEM based CHP unit have been developed to minimise stack degradation due to numerous
shutdown cycles during summertime.

High-Temperature Fuel Cells and Electrolysis
Solid Oxide Cells (SOCs) exist in multiple cell architectures. Planar cell architecture has so far
received most of the attention since it is used in most commercial applications for fuel cell operation. The electrolyte-supported cell (ESC), and the fuel electrode-supported cell known as
anode-supported cell (ASC) are the most common in fuel cell applications. ESCs typically employ a thick zirconia-based electrolyte (65–200 µm) which provides the cell with mechanical
strength. They are operated at high-temperature – above 800 °C in order to obtain sufﬁciently
high ionic conductivity, and also to reduce ohmic losses related to the large electrolyte thickness. Great emphasis has been placed on advanced characterisation and diagnosis methods
such as EIS on cells and also on stacks as well as on spatially resolved cell characterisation,
using segmented cell technology and Raman spectroscopy, respectively. The methods were
applied in solid oxide fuel cells (SOFC), solid oxide electrolyser cells (SOEC) and reversible solid
oxide cells (rSOC) in order to investigate degradation processes and identify relevant degradation mechanisms which occur under long-term operation.

Figure 3.27: Increasing PEMFC electrode porosity by
freeze drying step during the preparation process

As electrocatalyst for the fuel electrode, the cermet Nickel/Ce1-xGdxO2-α (CGO) has attracted a
lot of attention due to increased redox stability, coking resistance and high tolerance towards
potential sulphur-containing impurities in CO2 sources. Investigations of the electrochemical
behaviour under sulphur-exposure of Ni/CGO anodes revealed that the electrocatalytic activity
of CGO shifts the reaction zone of the cermet electrode away from the triple phase boundary
(TPB) between metal/ceramic/gas phase to the double phase boundary between CGO surface
and gas phase. With respect to co-electrolysis operation Ni/CGO shows the potential to alleviate the issues of carbon deposition (Figure 3.32).
In ASC design, a thin zirconia-based electrolyte (5–15 µm) is supported by a thick porous
cermet substrate. Use of the ASC architecture is considered very promising in co-electrolysis
due to low internal resistance and superior performance. DLR has systematically investigated
the degradation mechanisms of ASCs for steam and co-electrolysis. It was found that possible
high operating current densities and corresponding large fuel electrode over-potentials lead to
Ni migration away from the electrode/electrolyte interface in Ni/yttria stabilised zirconia (YSZ)
fuel electrodes, which is the main degradation mechanism for high-temperature electrolysis
[Hoerlein 2018].
From the investigation of sulphur poisoning of cermet electrodes superior tolerance was
found in CGO materials with mixed ionic and electronic conductivity and investigated in detail
[Riegraf 2018], [Riegraf 2017a], [Riegraf 2017b]. The multiplication of active interfaces with
mixed conducting oxides and surfaces of different nature may alleviate the risk of blockage of
an electrochemical process due to the speciﬁc adsorption of a poison. We have designed an
A site deﬁcient perovskite electrocatalyst based on the solid solution La1-xSrxCr1-yNiyO3-δ (LSCN).

Figure 3.28: Stack for fuel cell cargo pedelecs

Figure 3.29: PEMFC voltage – current characteristics
with stainless steel BPPS, standard Au coating (empty
symbols), and Au/Ti coating (ﬁlled symbols, SEM image).
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This material was developed to ultimately allow CO2 electrolysis. With an optimal contact
layer, cells with LSCN based electrodes demonstrated a comparable performance level as
commercial cells in electrolysis and co-electrolysis operation.
An innovative cell concept towards the next generation of SOCs avoiding the use of pure nickel as
a structural component at the fuel side has been investigated. The substrate providing mechanical
strength to the fuel cell is based on a robust metal alloy 3D porous backbone. It allows the formation of a protective alumina layer enhancing stability during re-oxidation cycles and an electronic
conducting material based on perovskite oxides. In a ﬁrst step, a set of materials was selected
based on their physiochemical properties and inter-compatibility for manufacturing a fuel cell:

Figure 3.30: IL-TEM of Pt/FTO–rGO before (a) and after
stress test (b) and of Pt/C before (c) and after stress
test (d). 1 = Pt agglomeration, 2 = Pt disappearance,
3 = FTO particles.

Figure 3.31: µ-CT images of MEA cross sections. (a)
Unused MEA, (b - c) MEA after 70 h of operation, (d)
after 230 h of operation.

− a NiCrAl based metal foam as 3D metal alloy porous backbone,
− La0.1Sr0.9TiO3-δ (LST) as electronic conducting material for the substrate and anodic electrocatalyst in combination with CGO as functional anode layer,
− YSZ for the electrolyte in combination with CGO as cathodic barrier layer and applied as thin
ﬁlm by electron-beam physical vapour deposition (EB-PVD), and ﬁnally
− a La0.6Sr0.4Co0.2Fe0.8O3-δ based cathode.
However, since level of electronic conductivity and electrocatalytic activity was limited it was
decided to enhance the electronic conductivity in the substrate by replacing the LST material
by a cermet LST-Ni (50:50), and also to boost the electrocatalytic activity of the anode functional layer by a surface modiﬁcation of the LST-CGO composite with ca. 5 to 10 wt. % of
nickel. With these modiﬁcations the power density could be increased up to 440 mW·cm-² at
0.7 V and 750 °C with hydrogen as fuel. With less than 2 % variation during 50 redox cycles,
the Open Circuit Voltage (OCV) showed excellent stability, demonstrating that thin-ﬁlm electrolytes maintain their integrity despite harsh operating conditions. The cell architecture with
electrolyte thickness of less than 3 µm could be successfully up-scaled to a size of 90 mm x
100 mm (Figure 3.34), and could be successfully integrated into a one cell stack similarly to
ASCs. The tested single cell stack achieved a power density of up to 170 mW·cm-2 at 0.7 V
and 750 °C with simulated syngas as fuel and air at the cathode.
For high-temperature systems, the main goal is to realise a wide range of applications with
multi-kW (> 20 kW) up to MW-scale SOC systems. High-temperature systems couple electrical, chemical, and thermal energy sectors, and by doing so, they can contribute to the transition toward renewable energies and defossilised economies. The scientiﬁc work ranges from
reaction and reactor investigations through SOC process system simulation to large system
experiments.

Figure 3.32: Schematic illustration of the reaction
mechanism of the fuel oxidation with sulphur poisoning on Ni/CGO based anodes operated on reformate
mixtures. Reactions fully/partially blocked by sulphur
are signiﬁed by a red/dashed cross

System development is performed by closely linking experimental and simulation expertise
which is integrated into joint developments with leading European industrial partners. Among
these partners are SOC technology providers, namely Sunﬁre and SOLIDpower, as well as
users such as chemical and petrochemical industries (e.g. Shell), process industries (e.g. Paul
Wuerth), automotive (e.g. Toyota) and marine (e.g. Carnival Maritime, Meyer Werft) industries, and power producers (e.g. EnBW).
The main attention with SOC systems lies in the following purposes: hybridised SOFC systems
that generate electricity at highest efﬁciency, e.g. combined with battery systems or co-generation of hydrogen; SOE systems that produce hydrogen or syngas for direct use or integrated with downstream synthesis processes; reversible SOC systems that produce hydrogen or
chemicals and re-electrify these materials for electricity storage and grid arbitration.

Figure 3.33: Test rig with which fuel cell and electrolysis operation can be tested (GALACTICA)
1 = Electric connections and controls,
2 = Gas supply and preheaters,
3 = Large stack module
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In the framework of HGF collaboration two reactors from Forschungszentrum Juelich (FZJ)
with fuel electrode supported cells and fourteen commercially available reactors with ESCs
were investigated under atmospheric and pressurised conditions of up to 8 bar within the
reporting period. Figure 3.33 depicts the test rig with which fuel cell and electrolysis operation
can be tested. The focus of activities was on water and co-electrolysis (combined H2O and
CO2). The tested ESC reactors are comprised of ten cells, each with an active area of 127.8
cm2. Each cell consists of an approximately 55 µm thick lanthanum strontium cobalt ferrite
oxide layer as oxygen electrode, a 90 µm thick 3 mol% yttria-stabilised zirconia (3YSZ) layer
as electrolyte, a gadolinium oxide-doped ceria layer (GDC) between electrolyte/fuel electrode

and electrolyte/air electrode, and a 30 µm thick nickel gadolinium oxide-doped ceria (Ni-GDC)
as fuel electrode. As Figure 3.35 [Riedel 2019] shows, the ohmic part clearly dominates the
area speciﬁc resistance (ASR) of the reactor whereas the polarisation resistance is signiﬁcantly
lower.
Pressurised operation lowers the polarisation resistance of the reactor making both fuel cell
and electrolysis operation more efﬁcient. Since the ohmic resistance does not change with
pressure, for ESC reactors pressurisation only has a slight effect on operational performance.
This effect can also be seen in Figure 3.36 that shows recorded EIS measurements. Within the
inset Nyquist plot, the dominating ohmic resistance does not change with pressure, whereas
the frequency dependent plot shows the lowered polarisation resistance due to pressurisation. SOC process system simulations are performed to prove the feasibility of concepts and
to suggest system designs that can be operated beneﬁcially. A key topic was process system
design studies of rSOC systems for electricity storage [Srikanth 2018], [Mottaghizadeh 2017].
In this system the rSOC operates in electrolysis mode (charging) to produce hydrogen or hydrocarbons for storing electricity, and in fuel cell mode (discharging) for converting the stored
chemical energy into electricity again. The general scheme is depicted in Figure 3.37.
Theoretically, a round trip efﬁciency of 100 % can be reached with an ideal electrochemical
reactor and balance-of-plant (BOP) components. Due to the presence of irreversible losses
within the rSOC reactor (due to ASR, BOP components such as blowers and heat exchangers, and the associated electric power consumption), a lower system efﬁciency is determined
[Santhanam 2017]. A well-designed system utilising electrolyte supported cell reactors commercially available in 2018 and heat storage at a temperature close to the reactor temperature
(approximately 850 °C) can only reach efﬁciencies up to 60 %.

Figure 3.34: Evolve cell with a dimension of 90 mm
x 100 mm for stack assembly (above) and SEM cross
section (below).

Another important area of focus is the investigation of rSOC systems for various sector coupling applications. The core feature in these applications is the ability of rSOC systems to
produce chemicals in the charging mode and convert all or part of those chemicals back into
electricity during the discharging mode. Apart from the use as energy storage media it would
also be possible to use the chemicals as feedstocks and high value products in the chemical
industry or as fuels in the mobility sector.
Reaction and reactor research combined with SOC process system simulation and design
culminates in large system experimental investigations. GALACTICA (Figure 3.33) is a test rig
available for large SOC reactor module operation in fuel cell (up to 40 kWel), electrolysis (up
to 100 kWel) and reversible mode. Within this variable test rig, large modules are tested for a
wide range of applications. An example of this is the combined generation of electricity and
hydrogen from natural gas with the ability to switch to pure hydrogen generation in electrolysis mode [Santhanam 2017]. Furthermore, the hybridised operation of large fuel cell modules
with a battery system for quick responses to electricity demand is planned.

Figure 3.35: Analysis of the temperature and pressure
dependency of the polarisation resistances

To demonstrate complex hybrid system design and operation capabilities a 30 kWel pressurised
SOFC system with a reaction-temperature anode off-gas recirculation blower was constructed
and commissioned. It was originally planned as the SOFC part of an SOFC/gas turbine (GT)
hybrid system. The plans to actually couple the two systems were adjourned since currently
no demand exists for such hybrids within the European market although development of
SOFC/GT hybrids does continue, e.g. in Japan. Nevertheless, the pressurised SOFC system was
successfully commissioned and operated for more than 2,000 hours at the time of this report.
A major outcome of this activity is the gained knowledge from the operation of multiple
planar SOC reactors. In this speciﬁc case six submodules of eight reactors each were connected in parallel, in terms of reactant and product gas ﬂows. This leads to large gradients
of reactant and temperature distribution in stationary and transient operation. An advanced
computational ﬂuid dynamics (CFD) design of this kind of multi reactor modules combined
with sophisticated temperature and current controls is imperative for safe operation. It is also
especially necessary to attain homogeneous temperature and current distributions throughout the reactors to actually reach every single reactor’s maximum efﬁciency in a multi reactor
setup. The gained knowledge is used for multi reactor scale-up in SOFC and SOE systems into
the multi MW range.

Figure 3.36: EIS recorded at 800 °C for 1.4, 4 and 8
bar. For each cell 1 slpm was supplied with 90 % H 2 O
and 10 % H2 at the fuel electrodes. The oxygen side
was ﬂushed with 1 slpm/cell air.
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3.3.3 Electrolysis
Low Temperature Polymer Membrane Electrolyte Electrolysers
Hydrogen is one of the most promising energy vectors for the decarbonisation of society. It
is the link between renewable electricity and electro-mobility, thus low temperature polymer
membrane electrolyte electrolysers (PEMELs) and fuel cells (PEMFCs) can enable the coupling
of energy and transport sectors, respectively. However, reducing the cost of these electrochemical technologies without compromising their efﬁciency is a challenge. In particular, the
precious metal catalysts and the BPP have an impact of more than 40 % in the stack cost. In
the case of PEMEL, the manufacture of the gas diffusion layer (GDL) also contributes signiﬁcantly to the high cost of this technology.
In the past ﬁve years, DLR addressed the catalyst problem in PEMEL by developing cost-effective materials with high activity-iridium mass ratio. Surface amorphous IrOx nanoparticles
(Figure 3.38) were synthetised, displaying a 10-fold higher oxygen evolution reaction (OER)
than commercial Ir-black [Lettenmeier 2016a], [Lettenmeier 2018]. Further activity increase
was demonstrated for Ir electrocatalyst derived from amorphous IrRuOx via an electrochemical
route, exhibiting 13 times higher OER compared to the rutile phase of IrRuO2 [Wang 2017]. By
using advanced electro-ceramic supports of Ti4O7 [Wang 2015] and SnO2: Sb-aerogel [Wang
2017], the usage of Ir was decreased by more than 70 %, while keeping the same activity and
signiﬁcantly enhancing the stability compared to its unsupported counterpart. Moreover, near
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) was used for in situ monitoring
of the surface state of membrane electrode assemblies (MEAs) with RuO2, Ir0.7Ru0.3O2, IrO2 and
IrOx-Ir anodes during water splitting [Saveleva 2016], [Saveleva 2018]. The results shed light
on the reaction and degradation mechanism of the anodes during operation of the PEMEL.
The catalysts developed by DLR are currently commercialised by the spin-off company Cutting-Edge Nanomaterials UG (CEN-Mat).
To reduce the cost of PEMEL BPPs and GDLs, DLR used vacuum plasma spraying (VPS) to produce highly dense Ti coatings on stainless steel, with non-noble conductivity enhancement
elements, improving the long-term stability of the electrolyser [Lettenmeier 2017]. Dense
coatings of Ti and Nb on stainless steel bipolar plates have been tested in a stack from Proton
Onsite (USA) for over 12,000 hours of operation. The cells showed degradation rates of about
2 %. Recently, DLR has also applied these coatings on the Cu BPPs (see Figure 3.39) that are
used in the stack based on hydraulic compression technology from the project partner WHS,
and that has been licensed to the company ProPuls GmbH.

Figure 3.37: General scheme of the system that operates in electrolysis mode (charging) and in fuel cell
mode (discharging)

While Cu is much less tolerant to corrosion than stainless steel, its use creates an improvement
in the electrical conductivity and heat management in the electrolyser cells. After 1,000 h of
operation in the electrolyser the plates showed no sign of corrosion and no pinholes were
detected beneath the Ti coating.
Furthermore, DLR-TT realised a macro-porous layer (MPL) on GDLs by VPS as well, increasing
the performance of the electrolyser at high current densities [Lettenmeier 2016 b]. Lastly, DLR
developed a new type of pore-graded GDL (Figure 3.40) by VPS with optimised tortuosity and
capillary pressure [Lettenmeier 2017].
Tests in PEMEL demonstrated high efﬁciency and a signiﬁcant decrease in mass transport limitations. For these contributions, DLR won 2nd place in the f-cell award 2016 in the category
of Research & Innovation.
At the stack/system level DLR-TT has studied degradation effects in PEM electrolysers identifying the degradation mechanism of catalyst coated membranes associated to operation at
high current densities [Lettenmeier 2016c]. The operation at high current densities reduced
the ohmic drops while long operation led to gradual deactivation of the anode. Lastly, DLR
has processed the generated operation data in a 1.5 Megawatt electrolyser for power-to-gas
application conditions [Haubner 2017], developed testing protocols [Bender 2019] and numerical models for predicting lifetime under stressing.
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In framework of the FCH JU project „INSIDE”, DLR’s segmented cell technology to monitor
local current density and temperature distribution was successfully adapted to the three major
types of electrolyser technologies as shown in Figure 3.26 (a-c). The very challenging adaptation of the segmented cell to alkaline water electrolysis was recognised by 2nd place f-cell
award in 2018.
Alkaline membrane technology offers the possibility to potentially operate fuel cells and electrolysers without platinum. This aspect has the potential to reduce costs and avoid dependence on critical raw materials. Therefore, scientiﬁc interest in this technology is growing. International experts meet for long to discuss this topic in a unique workshop in Bad Zwischenahn
organised by DLR. Within the project NEMEZU new membranes were developed to increase
the ion conductivity and also new electrocatalysts for the oxygen reduction reaction were
studied [Leppin 2018]. This work is being continued in AMB-REAL which started in 2019 and
aims at MEA development and the optimisation of operating parameters.
For electrolysis there was a large third party industry contract in place and might be followed
up by additional contracts or a joint project to demonstrate anion exchange membrane (AEM)
electrolysis systems under real life conditions in close cooperation between the Stuttgart and
Oldenburg ECE sites to extend the cooperation from the project LOTER.CO2M and the coming EU project NEWELY. Membrane properties can be adapted by tuning the structure. For
example, porous membranes could enhance the behaviour for fuel cell operation and redox
ﬂow application [Jung 2018, Lee 2019].

Solar Heat Integrated Solid Oxide Electrolysis
High-temperature steam electrolysis (SOE) using SOCs is performed at operating temperatures
between 700 °C and 900 °C and, therefore, needs a steam supply. This requires a signiﬁcantly lower electricity input compared to low-temperature water electrolysis such as alkaline
or PEM electrolysis. Furthermore, a high amount of external heat ∆Q can be integrated in
the high-temperature electrolysis process for water evaporation and the heating of steam.
In Europe, steam is mainly available in industrial environments. To broaden the application
range of steam electrolysis and co-electrolysis of steam and CO2 for syngas production and
its down-stream conversion to synthetic fuels it is interesting to integrat e heat generated
directly by high solar radiation. DLR has successfully performed the experimental coupling of a
commercial high-temperature steam electrolyser and a solar thermal steam generator for the
ﬁrst time worldwide [Schiller 2019] (Figure 3.41).
A solar steam receiver has been developed at DLR to generate superheated steam by using a
high ﬂux solar simulator with xenon short-arc lamps. The solar thermally generated steam was
fed to a commercial twelve cell electrolyser stack from an industrial partner (maximum power:
2 kW) which was operated at 770 °C. A high-temperature steam storage device was integrated in the system to bridge short-term interruption of irradiation which may occur during
cloud passages. The main challenge of the coupling experiment was to provide a continuous
hot steam ﬂow without major ﬂuctuations by applying an appropriate control process. After
optimisation of the operating parameters of the different system components, e.g. water supply, gas volume ﬂows, pressure and temperature, the system operated properly. OCV of the
stack was 10.3 V (Figure 3.42). Approximately 8.4 slpm hydrogen was produced at a current
density of -1.25 A·cm-2 and a voltage of 16.5 V corresponding to a steam conversion rate of
70 %. The electrical efﬁciency of the electrolyser was 93 % related to the lower heating value.
The efﬁciency of the total system will be further optimised with great potential in terms of the
high-temperature steam storage device and increased stack performance.

Figure 3.38: TEM images of IrOx-Ir anode catalyst for
PEMEL [Lettenmeier 2016]

Figure 3.39: Dense coating of Ti produced by VPS on
Cu BPPs that are used in the stack.

3.3.4 Cross-Cutting Activities
Gas Diffusion Electrodes for CO2 Reduction

Closing the anthropogenic carbon cycle is one of the major challenges for mankind at the
moment. Low-temperature electrochemical reduction of carbon dioxide to useful chemicals
can contribute to the solution by changing the role of CO2 from harmful waste into a valuable
feedstock. An alkaline electrolyser (Figure 3.43) can be operated with renewable energy and
CO2 extracted from concentrated off-gas from industrial plants.

Figure 3.40: Scheme and SEM image of pore-graded
GDL for PEMEL produced by VPS
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One of the main challenges of this process is to bring gaseous CO2 in contact with the catalyst
and the aqueous phase to maintain high space-time-yields. By applying porous gas-diffusion
electrodes (GDEs) instead of plane electrodes the triple-phase-boundary reaction zone and
gas transport are signiﬁcantly enhanced [Kopljar 2016].

Figure 3.41: Test rig consisting of high power radiator,
steam generator and SOEC

In the framework of different public funded projects („EnElMi 1.0”, „EnElMi 2.0”, „GalMaTrode”) DLR established a close collaboration with the Institute of Chemical Technology at
the University of Stuttgart working on CO2 reduction. While the university focusses on reaction and electrode engineering, DLR supports the development of gas-diffusion electrodes
by applying highly specialised measurement methods such as electrochemical impedance
spectroscopy (mechanistic information, reveal degradation mechanism), capillary penetration measurements, and recording of capillary pressure vs. pore saturation curves. All three
methods provide information toward a better knowledge based optimisation of gas-diffusion electrodes, and contribute to a successful electrode engineering, resulting in outstanding
performance with 80 % Faraday efﬁciency for formate at 1,000 mA·cm-2 [Löwe 2019] of
the manufactured electrodes. Additionally, the manufacturing process was up-scaled by DLR
from a hydraulic pressing process (electrode area ~12 cm2) to a rolling process resulting in
electrodes with an area of 300 cm2.

Development of Plasma-sprayed Electrodes
Figure 3.42: U(j) curve of 12-cell SOEC Stack at
770 °C with steam generated by solar heat.

Figure 3.43: Schematic presentation of the alkaline
electrolyser used for CO2 reduction into formate

Figure 3.44: SEM image of RANEYTM-type nickelmolybdenum as cathode.

The successful development of cost-effective, highly efﬁcient and ultra-durable atmospheric
plasma sprayed-based non-noble metal based electrocatalyst and electrodes for water electrolysis in alkaline media has been a key activity. These components were tested for conventional alkaline water electrolysers (AWE) operating at very high pH values with about 6 M KOH
solution, and with emerging anion exchange membrane water electrolysers (AEMWE) that are
enabled to operate with KOH as low as 1 M and sometimes even lower to 0.1 M. For AEMWE
there have been attempts to do operations with deionized water, which were also tested.
Both these alkaline water electrolysers are a cost-effective technology for the production of
renewable hydrogen, but suffer from low operating current densities. In collaboration with
the research group of FZJ and Technical University of Denmark, it has been shown that with
a well-engineered electrocatalyst and electrodes of ECE operating current densities as high as
2.0 A·cm-2 at 1.82 V can be achieved at 6.0 M KOH using ion solvating membranes. These values are signiﬁcantly better than peer or competing electrolysis technologies [Kraglund 2019].
Highly efﬁcient electrolysers for conventional AWEs and AEMWEs were tested using packages
prepared by adapted atmospheric plasma spraying (APS) instead of more expensive VPS and
an optimal combination of Raney-type nickel electrodes (Figure 3.44).
As can be seen in Figure 3.45, AWE performance using APS-based Raney-type nickel electrodes
has been evaluated using alternative diaphragm and membrane in 30 wt% KOH. The cell delivered higher currents of 1 A·cm-2 and 1.3 A·cm-2 at 1.8 V with the Fumatech membrane and NiO
based separator than that of a cell with the state-of-the-art Zirfon separator with 0.5 A·cm-2
at 1.8 V. The highest current density of 0.5 A·cm-2 at 1.8 V has been achieved in very diluted
KOH (1 M KOH) by replacing the conventional separator with anion exchange membranes,
which is very close to the one in 30 wt% KOH achieved in conventional AWE with Zirfon
diaphragm. The high efﬁciency of an AEM electrolyser with the package of Raney-type nickel
as anode and Raney-type nickel-molybdenum as cathode can be further enhanced. This APS
Raney-type nickel electrode package delivers the highest performance when it comes along
with the extremely high performance ion-solvating membrane based on KOH doped polybenzimidazole membranes (Figure 3.45).
This far exceeds what has previously been achieved with membranes in alkaline environments
without precious metal catalysts, and is highly comparable to state-of-the-art PEM electrolysers.

Spin-off Companies

Figure 3.45: Electrochemical characterisation of the
alkaline electrolyser based on Plasma sprayed based
RANEY nickel electrodes with different diaphragm/
membrane in 30 wt% KOH.
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Within DLS’s technological marketing (TM) project „FC-Rex” a PEMFC system with cold-start
capability was developed as range extender by the institutes TT and FK. Based on these results the mentioned project „FCCP” as well as the Helmholtz-Enterprise project „Fuel Cell
Power Pack (FCPP)” was successfully granted. A spin-off which is being prepared by FCPP
focusses on the commercialisation of a liquid cooled metallic PEMFC stack of several hundred
watts and a hydride-based pre-heater tailored for urban cargo pedelec applications which

is a fast growing market. The introduction of electrical cargo pedelecs in cities is motivated
by the possibility to minimise local transport by light duty vehicles that have negative impact
on urban trafﬁc and environment. Moreover, the FCPP approach provides many advantages
compared to battery-based cargo pedelecs such as long range, operation in winter, as well as
short refuelling times.
CENmat is another young and innovative chemical research and engineering spin-off from
DLR located in Waldenbuch, Germany. CENmat offers a broad range of custom-tailored services around nanomaterials and green energy storage, conversion technologies especially fuel
cells, electrolysers, redox ﬂow batteries, and electrochemical waste management systems.
This includes, for instance, consultation and contractual research on nanomaterial synthesis,
upscale and integration as well as the development and research of new technologies for
green energy storage and conversion. CENmat started as a nanomaterial company offering
highly specialised and custom-tailored nanomaterials applying a holistic approach to fully understand the needs of its customers to design and synthetise the best ﬁtting nanomaterials for
their special product or technology. The proximity of CENmat’s nanomaterial research to the
area of electrochemical energy storage and conversion technologies coupled with the existing
engineering expertise as well as an „out-of-the-box” thinking attitude led to the broadening
of its services quickly after founding in February 2019. Today CENmat is engaged in multiple
research consortia (European) and bi-lateral contractual research projects with academia and
industry.

Figure 3.46: Electrochemical characterisation of the
alkaline electrolyser based on plasma sprayed based
RANEY nickel electrodes with ion solvating membrane
in 30 wt% KOH

3.4 Energy Storage Integration
With a team of approximately forty employees the Department ESI (Energy System Integration) researches electrochemical systems for applications in the ﬁelds of energy, transport,
aeronautics and aviation, with a focus on aircraft applications as well as techno-economic
analyses in the ﬁeld of energy storage. The current goals are to demonstrate the functionality
of systems and their economic relevance in the real applications, taking into account or drafting industrial regulations, with a high integration factor. Further focal points are increasing
performance, reducing costs, guaranteeing safety and reliability over the entire service life
of the systems and assessing their technical and economic feasibility. The research activities
range from modelling at system level and techno-economic studies, development of control
systems, operating procedures, power management, system structures and testing, to integrated demonstrators such as fuel cell hybrid powertrains, which are validated, e.g. in the Hy4
ﬂight test platform. Close cooperation with industrial partners like Airbus, Diehl AE, Siemens,
Pipistrel etc. enables the transfer of the research results into industrial applications.
The Research group is divided into three groups and two geographically separate locations,
which are currently working in Hamburg and Stuttgart on research topics related to fuel cells
(FC), FC battery hybrid systems and battery systems as well as techno-economic analyses.

3.4.1 More Electric Aircraft
The work of the Department of Energy System Integration (ESI) in Hamburg focusses on the
development and integration of fuel cell systems for aeronautical applications with focus on
on-board supply systems, supporting knowledge transfer from the laboratory to the market.
A hydrogen-powered fuel cell system provides electrical power, heat, water and oxygen depleted air (ODA). These different energy and mass ﬂows can be reused in the aircraft (Figure
3.47).

Figure 3.47: Multifunctional fuel cell system for a more
electric aircraft

Therefore, this technology can be used to achieve environmentally friendlier aviation by reducing the release of air pollutants and noise emissions caused by on-board systems.
The use of fuel cell systems for aeronautical applications implies increased requirements regarding the reliability, the performance and efﬁciency of the system, whereas system complexity (volume, weight and cybernetics) as well as cost must always be reduced. The inﬂuence of
the various operating parameters on the system condition has to be understood in order to
develop system designs and controls meeting the requirements.
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Commercial low-temperature PEM fuel cell systems in the power range from 0.1 kW to 14 kW
in various conﬁgurations are used for experimental studies. Supported by theoretical studies
and simulations, the correlation of the operating parameters with the system behaviour is
identiﬁed. Regarding the use of ODA for inerting purposes like fuel tank inerting, intensive
research has been done in terms of operating procedures to reach ODA requirements such as
an oxygen content below 11 %, keeping high fuel cell system performance. Based on these
activities systems are being developed which can be used as an emergency system with the
ability to deliver ODA for tank inerting and ﬁre suppression. (Figure 3.48)

Figure 3.48: Multifunctional fuel cell system for APU
replacement and ODA generation

Regarding the use of the fuel cell for electric supply in case of an emergency, a special concept
has been developed with an increased O2 amount on the cathode supply. The excess supply
of oxygen and an adequate membrane humidiﬁcation of the fuel cells must be ensured to
avoid inadmissible operating conditions as they determine the efﬁciency and operational stability of the system. For this purpose, procedures for adjusting the ﬂow rate, the pressure and
oxygen content of the cathodic intake gas as well as the operating temperature of the fuel
cell stack can be adjusted [Werner 2015]. This allows the operating range of the system to be
increased. In [Werner 2016] it is shown that operation at high altitudes and at low pressure
has a negative effect on the efﬁciency of the system, as the cells are more likely to dry out
and the oxygen partial pressure decreases. By lowering the temperature, the drying of the
cells can be counteracted, thus reducing the decrease in efﬁciency. In order to increase freeze
start capability and the reliability of the system, the system start at sub-zero temperatures was
also investigated in order to develop innovative procedures and system designs to reduce the
start-up time and degradation effects of the fuel cell stack [Montaner Rios 2019, Knorr 2019].
For instance, a signiﬁcant inﬂuence of oxygen-enriched cathode gas on the start-up time
was identiﬁed (Figure 3.49 a) [Montaner Rios 2019]. The use of additional oxygen also allows operation, independent of the ambient air when the cathode gas is recirculated [Becker
2018a]. Compared to air operation, the maximum electrical power of the fuel cell stack could
be increased by 70 % in operation with pure oxygen due to the increase of efﬁciency (Figure
3.49 b). Furthermore, higher efﬁciency reduces the required cooling capacity and hydrogen
consumption of the system. The cell voltage sensitivity to the operating temperature decreases as well, reducing the inﬂuence of changing environmental conditions [Becker 2018b].

Figure 3.49: Comparison of air and oxygen operation
of a PEM fuel cell stack; a) Rated power as a function
of the start-up time at -20 °C, b) efﬁciency as a function of the electrical stack powers

Work is in progress to extend the existing models and to further validate them based on experimental data. By mapping the system characteristics using simulations and controls, procedures are developed to operate the system automatically in the best possible operating condition. The models also describe the interfaces between the fuel cell system and the higher-level
aircraft system. Thus, statements can be made about the cooling and gas requirements of
the fuel cell system as a function of the required performance and the boundary conditions.
This knowledge is then available for further system development and integration into a more
electric aircraft.

3.4.2 All Electric Aircraft
With a view to future mobility, hybrid-electric drives offer the potential to realise relevant
emission and noise reduction in aircraft applications, as set by ACARE Flightpath 2050. Aircraft in 2050, for example, are expected to emit 75 % less CO2, 90 % less NO x and 65 %
less noise than aircraft models built in 2000. The development of electrically powered aircraft
began in the early 70s. Various electrical energy sources were used, such as batteries, fuel
cells and recently also combustion engines or gas turbine hybrid drives with batteries. These
electric aircrafts were able to take ofsf purely electrically driven, offer a ﬂight duration of up
to a few hours and reach speeds of up to 140 mph above ground level. In 2009, the Antares
DLR-H2 was the ﬁrst pure fuel cell driven aircraft to take off, achieving a range of approximately 750 km and a record altitude of 2558 m. In 2016 with the maiden ﬂight of the Hy4,
the fuel cell-powered passenger ﬂight began. In total, there are more than 50 unmanned
aerial vehicles with electric propulsion, carrying up to four people.
Fuel cells are a promising alternative to existing systems for aircraft applications, with potential beneﬁts in terms of efﬁciency, safety, comfort, cost and reliability. However, in the ﬁeld
of aeronautical applications, fuel cell development is still largely in the research and develop-
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ment stage. Numerous questions, especially regarding the extraordinary environmental and
operating conditions in the ﬂight cycle (temperature, pressure, vibrations), as well as safety
and redundancy, require enormous research and development efforts to make these systems
ready for aviation.
The ESI department works in the ﬁeld of AEA (All Electric Aircraft) on electrical ﬂight applications with a high integration potential. It has an existing development process for complex
fuel cell battery hybrid systems based on legal and technical boundary conditions, as well as
many years of experience in operation and expertise in the construction of complex ﬂight
demonstrators such as Antares DLR H2 and Hy4, which demonstrate fuel cell battery system
technology and thermal integration at the limit of feasibility in real ﬂight tests [Flade 2016].
The outstanding test rig and system equipment in the area of fuel cell and hybrid systems
with test platforms for scientiﬁc investigations regarding low temperature, vacuum (Figure
3.50), full system tests and hybrid tests in the power range up to 80 kW and the access to the
Antares DLR H2 and Hy4 ﬂight test platforms for a power range up to > 100 kW, represent a
unique selling point for the development of integrated energy systems. This leads to high visibility of the Institute in the area of hydrogen, electrochemistry and overall system integration.
The evaluation of the technical, industrial feasibility and the total costs of the speciﬁc system
in future, is based on many years of experience and the exact system structure.

Figure 3.50: Low pressure chamber for testing fuel
cells under vacuum conditions

The work of the department shows that hydrogen polymer electrolyte low temperature fuel
cells are already a suitable technology for gravimetrically beneﬁcial power densities in the
megawatt range for aviation applications. In various projects on the basis of commercially
available components, fuel cell systems were further developed and successfully integrated
into ﬂight test platforms, and the technology was characterised and demonstrated in real
ﬂight tests.
In 2009, the department began the development of the pilot-controlled Antares DLR H2 aircraft, with purely fuel cell-powered electrical propulsion [Waiblinger 2015]. This aircraft was
able to demonstrate a peak altitude of 2558 m. In 2010, the Antares DLR H2 was optimised
with a fuel cell hybrid. The system consisted of fuel cells and batteries with a combined capacity
of over 60 kW. The performance, reliability and increased range were demonstrated in several
ﬂights during the „Germany Tour” with a total distance of 1500 km. 2015 saw the development of an 80 kW fuel cell hybrid powertrain for the ﬁrst emission-free passenger aircraft
with this type of propulsion and its integration into the Hy4 aircraft. The basis for this project
was Pipistrel’s Taurus G4, which had already won the NASA Green Flight Challenge. With this
aircraft four persons can be transported locally emission-free with up to 200 km/h over long
distances. The maiden ﬂight of the Hy4 was successfully completed in September 2016. Figure
3.51. The development focus was on the emission free Fuel Cell-Battery-Hybrid-Powertrain
with a power of 80-120 kW, the realisation of an electric 4-PAX-Aircraft with long endurance
(>750 km) and short refuelling time, with the reduction of fuel consumption below 0,5 kg
H2/100 km/PAX and noise reduction. Furthermore, solutions for system requirements resulting
from safety and certiﬁcation aspects and integration, test and demonstration of hydrogen, fuel
cell and battery technology in passenger ﬂight missions were demonstrated. The work is the
basis for the introduction of the hydrogen fuel cell technology in aircraft applications and has
the potential of emission, noise and cost reduction of propulsion systems and thereby for new
intermodal mobility concepts.

Figure 3.51: First ﬂight of Hy4 in 2016

Current research and development work in cooperation with industrial partners e.g. Pipistrel,
Siemens, H2Fly, Hydrogenics, Stuttgart Airport is focussed on emission-free electrically powered aviation systems.
Due to the holistic approach of the projects, knowledge and experience was gained in the
ﬁeld of electrical drive technology and power electronics with a focus on efﬁciency, reliability
and redundancy. However, the focus of the research and development work is on power
supply systems for aviation. The activities in the ﬁeld of fuel cell development for all-electric
aeronautical applications are based on fuel cell-based hybrid powertrain concepts and aeronautical suitability [Schirmer Patent 2019]. Core topics are optimised system architectures
for fuel cells, batteries and their hybrids with low complexity, high reliability, redundancy and
safety concepts, high dynamics and performance as well as optimised charging concepts.
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Further competencies are process and system design, mechanical and electrical integration,
construction, test and measurement, data evaluation, as well as real-time analysis of ﬂight
data. Figure 3.52 shows a snapshot of a highly integrated fuel cell. The department thus has
in-depth know-how with regard to the investigation and development of fuel cell battery hybrid propulsion systems with a strong application focus. Thus, all phases of development such
as concept development, dimensioning, design of laboratory systems, support during system
integration into the aircraft and testing can be carried out in a suitable ﬂying test platform and
the accelerated market penetration of sustainable energy sources can be supported.

Figure 3.52: Snapshot of a highly integrated fuel cell
system for aircraft integration

The conducted studies and modelling show that energy densities of 0.7 kWh/kg must be
achieved for passenger ﬂight applications. The research and studies also show that future
power densities in the core subsystem stack of up to 6 kW/kg are possible with an efﬁciency
of 50 %. In the overall system, including air supply and cooling, power densities of 2 kW/kg
are therefore likely to be achievable.
In the ﬁeld of batteries, there is currently a variety of technologies that are used in aviation
or are suitable for use in aviation. For the main energy source, the energy density (volumetric,
gravimetric) is of decisive importance. At present, Lithium-cobalt batteries are the most promising for this purpose. Energy densities in the system of up to 230 Wh/kg are achievable. In the
ﬁeld of Lithium-sulphur, a number of developments have been done, which enable storage
capacities in the range of 300 Wh/kg in the battery system. Novel solid batteries also promise a
range of 250 Wh/kg, but are difﬁcult to use under aviation conditions due to their very limited
operating temperature. Lithium-iron phosphate batteries are preferred for safety, but the cell
voltages are slightly lower, the actual gravimetric storage capacity in the system is 190 Wh/kg.
In the ﬁeld of battery systems for aeronautical applications, ESI deals with the evaluation
and optimisation of the efﬁciency and lifetime of battery packs, their modularisation and
optimised cooling. In addition, the department deals with safety and qualiﬁcation as well
as further development in order to meet aviation requirements and be integrated into the
aircraft. Activities for the development of aviation certiﬁcation guidelines in this area are in
development. For this purpose, simulation models are being developed and validated top
down to the packing level, including battery management systems and thermal management,
and experimental investigations at battery system level up to 100 kW. The aim is to obtain a
reliable prediction of battery life and operation in ﬂexible interaction with electrical load and
hybridised architectures.

Figure 3.53: Infrared pictures of thermal behaviour of
a Lithium-ion pouch cell

Battery cooling plays a very important role in all systems. When it comes to batteries as the
main source of energy, it is important not only to pay attention to the temperature window
when delivering the energy, but also to the recharging process. Maintaining the optimum
temperature during the recharging process is very important. For this purpose, further developments for battery cooling at system level are taking place. In Figure 3.53 the thermal
behaviour of a Lithium-ion pouch cell in operation is shown by infrared investigation.
For the cooling and thermal management, the aerodynamic integration into the aircraft is the
greatest challenge. During energy management and provision of electrical energy, heat is generated in the range of 40 °C to max. 120 °C (batteries, power electronics, fuel cells, e-Motor),
which must be dissipated from the aircraft at any climatic environment and speed, angle of
attack, etc. The cooling and thermal management of the systems and thus their integration
into the aircraft are therefore important points. In Figure 3.54, the cooling integration concept
for the Hy4 is shown.

Figure 3.54: Integration concept of fuel cell system
and cooling in the middle section of the four-passenger aircraft Hy4.
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With very good control of the relative humidity and optimal air conditioning in front of the
fuel cell stack, high temperatures of up to 95 °C in the fuel cell are possible with today’s
technology. The air supply to both the fuel cell and the cooling system is thus one of the key
technologies that fuel cell technology will make possible. The thermodynamically optimised
system design is therefore the key to its applicability. ESI’s development work focusses on optimised cooling of the fuel cell stacks with dynamic, high-precision and ﬂexible temperature
control of the individual stacks in the stack network. But also, the air supply in the overall system with the highest possible efﬁciency and aspects such as start/stop in ﬂight, as well as fast
voltage-free operation in emergency cases are part of the work. Furthermore, the aerodynam-

ically optimised supply of the cooling air to the fuel cell ensures good cooling performance
with the lowest possible losses.
Further essential research questions around topics such as cooling [Stephan Patent 2018],
redundant system architecture, power management and overall system integration are considered in order to arrive at highly improved electric and hybrid electric propulsion systems and
a ﬁnal technology assessment.
In addition, work is also being carried out in the area of hydrogen storage and integration into
aircraft (Figure 3.55). In this context, commercially available pressure tank technology is being
used, which is further developed and investigated with regard to safety, integrability and efﬁcient, redundant applicability. In cooperation projects, the integration and applicability of liquid
hydrogen tanks for aircraft are also being investigated. In the ﬁeld of hydrogen storage, the
current performance values of pressure storage systems (6.5 % by weight) for an aircraft
with 60 PAX allow a range of approx. 1000 km and for liquid hydrogen (15 % by weight) a
range of approx. 2000 km if existing technologies are used. With a successful transfer of the
liquid hydrogen fuel storage technology from space travel (max. 25 % by weight) ranges of
up to 3200 km are conceivable or an increase of the PAX number to approx. 120 at 1500 km
range. With regeneratively produced hydrogen, fuel costs of approx. 3.5 €/PAX/100 km can
be achieved with complete freedom from emissions.

Figure 3.55: Hydrogen tank integration in Hy4

Through the certiﬁcation expertise and experience in real system testing and the consideration of technical and economic feasibility, a strong network to companies has also been
developed. This has already led to experience in technology transfer at the overall system level
through a spin-off of H2Fly GmbH from DLR. H2Fly GmbH was founded at the end of 2014
with the intention to accelerate the development and demonstration of electric emission-free
fuel cell based aviation and to bring this topic into the public and currently has four employees. Its main activity is the provision and support of the Hy4 ﬂight test platform for the purpose of developing and improving electric powertrain components. Starting from the Taurus
G4, H2Fly GmbH has developed the Hy4 ﬂight test platform with DLR and several partners,
which is currently equipped with a fuel cell-based electric powertrain from DLR. In the long
term, H2Fly GmbH aims to start its own development of commercially available fuel cell-based
electric propulsion systems.
In order to complete the technology with regard to the mapping of a complete drive train,
there is also close collaboration in the area of power electronics, hybridisation technology
and control applications for electric drives with the University of Ulm. Thus, the entire chain is
represented in electromobility.
Based on its experience in more electric aircraft and electric propulsion, DLR will take the
lead in electric ﬂight research on these subjects together with industry and universities. Novel
conﬁgurations for electric and hybrid electric aircraft propulsion systems will be identiﬁed,
assessed and developed to realise relevant emission and noise reduction as set by ACARE
Flightpath 2050, leading to system conﬁgurations as a basis for urban air mobility and regional air transport and improved door-to-door air travel concepts.
In addition to aeronautical applications the system and certiﬁcation expertise, the ESI department will be transferred to other complex „multi-technology” systems in the ﬁeld of
emission-free energy supply and coupling. The focus is on technical applications in electricity,
heat and fuel triangle.

3.4.3 Techno-Economic Analysis
A signiﬁcant increase in utilisation of renewable energies in transport applications asking for higher well-to-wheel efﬁciency is a key element in the transformation of our energy system. While the energy sector has been able to gradually decrease its GHG emissions year by year, German transport emissions remain rather ﬂat, just above 150
Megatons of CO 2-equivalent per year (expected 2018: 163 Megatons of CO2-equivalent
per year, 19 % of Germanys GHG emissions). The major system change options include:
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− Electriﬁcation of transport in many ways: increase rail transport at the expense of road
transport, increase public transport at the expense of individual transport, introduction of
battery electric vehicles (BEV) into mass markets etc.
− Introduction of hydrogen fuel cells into all kinds of transport application like busses, cars,
airplanes and ships
− Increase the share of renewable fuels with new production routes
The research group of techno economic-assessment (TEA) evaluates all production options
of renewable fuels that don’t conﬂict with food production or land usage. Applying biomass
which is not otherwise used (forestry and agricultural residues, municipal waste, etc.), CO 2
from air or industrial sources and hydrogen from renewable electricity allows three principle methods of large scale alternative fuel production: biomass-to-liquid (BTL, using biomass
gasiﬁcation, gas cleaning, fuel synthesis and upgrading), power-to-liquid (PTL, using carbon
capture from air or industry waste streams and hydrogen from renewable electricity) and
power and biomass-to-liquid (PBTL, using biomass gasiﬁcation complemented by hydrogen
from renewable electricity).
None of these principle ways is currently competing against fossil fuels, its introduction requires subsidies or regulation and transparent assessment of costs for technology learning.
The TEA research group provides a technical, economic and ecological assessment of all kinds
of renewable fuels. The method is extended to other questions in the transformation of our
energy system like renewable chemicals (Power-to-X), decarbonisation of industry processes
and sector coupling.
The TEA research group developed from the former renewable fuels group with a focus on
hydrogen generation for hydrocarbons and gas cleaning prior fuel cell usage. The research
direction changed to a holistic approach of techno-economic assessment that allows transparent comparison of different technology options with an outlook for scale-up potential even
from low TRL level. The experimental evaluation included the successful demonstration of
hydrogen generation from diesel and biodiesel [Martin 2016] , from kerosene [Pearson 2018]
, from methanol followed by 2-stage water gas shift to feed a high-temp. PEM fuel cell, model
tar reforming in syngas environment [Speidel 2016] and syngas generation via reverse water
gas shift reaction. A ﬂexible test bench for the experimental validation for the reverse water
gas shift reaction at high pressure (up to 25 bar) and high temperature (up to 900 °C) was
designed, built and operated.
The group developed a comprehensive toolbox (TEPET, Techno-Economic Process Evaluation
Tool) for automated and transparent techno-economic assessment including direct link to
ﬂowsheeting-software. The automated link between process simulation and cost calculation
allows direct cause-effect tracking of process parameter variation on production cost [Albrecht 2017]. It results in cost-over-performance maps of different Power-to-X and biomass-to-X
processes; different process routes for alternative fuels have been technically optimised and
economically evaluated (Figure 3.56).

Figure 3.56: Exemplary costs of synthetic hydrocarbon as obtained from simulations using the TEPET
simulation software developed in the department ESI.
EEX stands for Phelix-DE Future average power spot
market price of European Energy Exchange AG (www.
eex.com/en/products/power-derivatives-market/power-spotlights/phelix-de-futures)
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For each process, the major cost drivers have been identiﬁed and quantiﬁed. With its unique
methodology, it contributes to the assessment of different Power-to-X technologies for the
time-variant production of energy materials like fuels and base chemicals (Kopernikus project
Power-to-X) as well as to the assessment of energy ﬂexibilisation potential of the German
primary industry (Kopernikus project Synergie) [Estelmann et. al 2018]. It provides techno-economic and ecological assessment to three Horizon 2020 projects regarding renewable fuels
(ABC-Salt: www.abc-salt.eu, COMSYN: www.comsynproject.eu, FlexCHX: www.ﬂexchx.eu).
The TEA research group is part of the scientiﬁc monitoring project of the research program
„energy transition in transport” BEniVer (www.energieforschung.de/forschung-und-innovation/energiewende-im-verkehr/begleitforschung) and acts as the work package leader for
techno-economic assessment. Industry orders from BASF (study on LOHC versus LH2 comparison), EnBW (PtX process evaluation at different locations), IAV (hydrogen generation from
propane) and Thyssen Krupp (study on electro-chemical ammonia production) demonstrate
the high demand for transparent technology assessment and process validation of the group.

3.4.4 Cross-Cutting Activities
Wind thermal energy systems generate heat from wind. For this purpose, mechanical work
is transferred to heat up a ﬂuid. Technical solutions for this are ﬂow brakes or heat pumps.
The heated ﬂuid can be used to charge a thermal storage or to balance a heat requirement
[Karl-Kien Cao 2018]. Thus, wind thermal energy systems contribute to sector coupling and
guarantee the heat supply of conventional power plants in future applications (Third Life
Power Plant Operation).
The project, which is being carried out by the DLR-Institutes FT, VE and TT, is afﬁliated to the
cross-sectional GigaStore project. As part of the wind thermal energy systems project, a pilot
plant will be constructed to demonstrate the functional principle of a wind thermal energy
system. Figure 3.57 shows a conceptional view of a wind thermal energy system concept.
The project is multi-stage. First, a platform will be erected on which the process engineering
components are arranged. Mechanical shaft power is supplied to the platform so that heat is
provided via the components of the platform. In a second step, the platform will be examined
in the laboratory.
In this way, the operating characteristics of the coupled thermomechanical components are
identiﬁed. Finally, the thermal platform is coupled with a small wind turbine. Field tests will
provide functional proof that wind thermal energy systems are capable of providing decentralised heat and charging thermal storage facilities.

Figure 3.57: Sketch of a wind thermal energy system
concept developed in the Department ESI and currently investigated in a DLR-project in collaboration with
the Institutes VE and FT

Space Applications
The development of space ﬂight towards faster and more affordable missions (supported by
reusable rockets and satellite constellations) requires new approaches in the power system,
too. The design of a battery system at DLR shall be based on a maximum of commercial off
the shelf (COTS) components with state-of-the-art technology for scalability, low-cost and
ﬂexible development for requirement changes during satellite projects. Battery cells in space
experience around 6,000 cycles per year, therefore, it is important to gain knowledge of the
cells’ behaviour under space conditions and use gained knowledge on degradation for optimal design and system operation.
First tests of the battery cells for different depth of discharge (DODs) and currents have been
conducted. The preliminary design of the battery systems base model has been ﬁnished (Figure 3.58). The goal for the next years is to enable ﬂight ready development with the combination of multiple expertise. Further, the demonstration and technological readiness of a
DLR-made power system for a small satellite project shall be achieved.

Figure 3.58: Concept of a battery system for small
satellites in space application. It consists of 32 cells
including interfaces for power and communication.

3.5 Energy Systems Analysis
The transformation towards a sustainable energy system affects technology, economy and
society substantially. It is a societal transformation process in a dynamically changing environment that will need continuous scientiﬁc advice in the steering of the process. The Department Energy Systems Analysis with its staff of more than 30 employees focusses on evaluating
the transformation process from a systemic perspective and developing options for action.
From a systems perspective, the major technical challenges of this transformation process are
related to the defossilisation of the energy system, which will mainly be brought about by a
transition to renewable energy sources. As a result, energy supply will become increasingly
volatile, uncertain and decentralised, which makes energy systems planning and operation
aimed at guaranteeing security of supply increasingly complex. In addition, in order to ensure
socio-economic feasibility, the design of an equitable and just transformation process is a prerequisite, which brings about new challenges for market design and macro-economic impact
analysis. Energy systems research in the department is therefore structured into three areas,
which contribute to addressing these challenges as follows:
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Figure 3.59: Nested approach for technology modelling

− Energy Scenarios and Technology Assessment with its work on (1) identiﬁcation of realistic transition pathways and deﬁnition of requirements to achieve a secure, affordable and
environmentally sustainable energy future and on (2) knowledge integration seeking a multidimensional assessment of scenarios and pathways considering economic, technical, environmental and socio-economic aspects
− Energy Systems Modelling with its work on (1) analysis of infrastructure requirements and
use aimed at increasing the ﬂexibility of the future energy system under consideration of
decentralisation, digitisation, storage and grid expansion, and sector coupling and on (2)
analysis of renewable energy potentials and generation proﬁles as well as energy demand
in high temporal and spatial resolution under consideration of spatio-temporal correlations
− Energy Economics with its work on (1) analysis and evaluation of alternative options for
market design and system friendly investment as well as system operation at very high levels
of variable renewables and on (2) analysis of interactions between the energy system and
the wider economy.
Each of these areas will be described below in further detail. While we acknowledge that societal barriers are a major challenge, too, energy systems analysis research within DLR mainly
addresses this challenge through strategic collaborations, e.g. with Institute for Technology
Assessment and Systems Analysis at Karlsruhe Institute of Technology (ITAS KIT) and Systems
Analysis and Technology Evaluation (STE) at FZJ within the Helmholtz-funded research programs or with The Center for Interdisciplinary Risk and Innovation Studies (ZIRIUS) of University of Stuttgart within the Stuttgart Research Initiative on Integrated Systems Analysis for
Energy (STRise) and the ENavi Kopernikus project.
Energy systems analysis at DLR generally follows a nested approach as shown in Figure 3.59.
Technologies are modelled in close cooperation with the technological departments of DLR.
Aggregated models for systems analysis are developed on the basis of more detailed modelling approaches in technology research. The aggregated models are validated to ensure
accuracy and understand the limitations in modelling scope.
During the third program-oriented funding period (PoF) of Helmholtz Association, the research
of the department has been embedded in Topic 2 (Renewable Energy and Material Resources
for Sustainable Futures – Integrating at Different Scales) of the program „Technology, Innovation and Society”. With the start of the fourth funding period in 2021, the department’s
research activities will mainly be continued within Topic 1 (Energy System Transformation) of
the new research program „Energy System Design”.

3.5.1 Energy Scenarios and Technology Assessment
Research in this area focusses on the analysis of transformation pathways towards energy
systems with high shares of renewable energy sources. The aim is to develop integrative
strategies at different scales with regard to actors and institutions that help to support the
governance of the transition processes and that are robust for the local and regional integration of renewable energies. Based on these results, approaches for integrating renewable
sources into the energy system are developed, facing the challenge of meeting the objectives
of economic efﬁciency, social acceptance, security of supply and environmental conservation.
The results shall improve the policy design toward the implementation of new renewable
energy applications.
More speciﬁcally, scenarios are not only used to deﬁne pathways towards renewable energy
futures but also to set appropriate boundary conditions and requirements for the modelling
activities in the two other areas. To translate political strategies into scenario assumptions and
make these assumptions more transparent, methods such as context scenarios and multi-criteria decision analysis using sustainability indicators are used to develop consistent storylines.
In order to improve the methods of a prospective life cycle based scenario analysis, ﬁrst research projects were formulated and successfully acquired.
In the Helmholtz Alliance Energy-Trans project, a methodology for linking societal context
scenarios with energy system models for the construction of socio-technical scenarios has
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Research in this area focusses on the development and application of the energy systems
model REMix, including its sub-models „Energy Data Tool” (EnDAT) and „Optimisation module” (OptiMo), both of which have been developed at the DLR Institute of Engineering Thermodynamics for more than ten years. The model generally focusses on cost-minimised expansion and utilisation of power generation capacities and on infrastructural requirements
for storage, transmission and ﬂexible sector coupling. REMix is aimed at analysing questions
of how to balance intermittent power generation at the regional and dispatch level and how
to match demand and supply with adequate regional capacities and loads. The strengths of
the REMix model lie in
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Figure 3.60: Global power generation capacity development until 2050 in a global 1.5 °C mitigation scenario
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3.5.2 Energy Systems Modelling
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The work links the analyses of different regional challenges and options in both the energy
and non-energy sectors in an integrative way and represents a successful cooperation with
climate modellers. The results illustrate on the one hand the range of possibilities to reduce
greenhouse gas emissions and on the other hand the enormous pressure of time to act if the
goal of the Paris Climate Agreement is to be achieved.
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The methods developed at DLR for scenario building, and evaluation were applied, among
other projects, in a global scenario study with Australian partners on behalf of the Leonardo
DiCaprio Foundation [Teske 2019]. The aim was to develop exemplary global climate protection scenarios using a transparent storyline and bottom-up modelling approach and to
examine their effects and requirements (Figure 3.60 and 3.61).

25000

5000

CO2 emissions [Gt/yr]

been further developed with partners of the Alliance [Weimer-Jehle 2016]. Applying the Story-and-Simulation concept known from environmental and climate modelling improves the
outcome of scenario analysis in consistency and quality, in particular, if the storylines are constructed using systematic (formalised) scenario methods. The approach offers a particularly
systematic and traceable procedure for promoting consistency in framework assumptions and
a more consistent estimation of the inﬂuence of framework assumption uncertainty on the
robustness of scenario results. The concept is currently applied to the scenario work of DLR.
Moreover, a transparency checklist for energy scenario studies was developed in the frame
of the Helmholtz Research School on Energy Scenario [Cao 2016]. It delivers a tool that enables authors of energy scenario studies to increase the level of transparency of their work.
Improving transparency is a major discussion in energy system modelling and by structuring
this discussion; this paper is creating an impact of the Alliance work.
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Figure 3.61: Energy-related CO2 emissions from 2015
to 2050 in three global scenarios

− a global meteorological input (solar irradiance and wind speed),
− high spatial (10 km) and temporal (1 hour) resolution,
− full ﬂexibility in spatial, temporal and technological scope,
− comprehensive technology representation (renewable energy technologies, conventional
power generation, combined heat and power generation, short- and long-term storage
technologies, demand response, etc.), and
− a close link to established scenario generation methods.
In the period since 2015, REMix has been further extended beyond the electricity sector and
towards an energy systems model considering additional technological options, in particular,
sector integration with the heat, transport and gas sectors. Such options especially include
the direct and indirect electriﬁcation through heat pumps, battery electric vehicles, hydrogen
electrolysis and power to gas. Their operation can be made ﬂexible by implementing energy
storage. Additionally, an improved modelling of energy transmission in grids (e.g. electricity
and gas) with a high resolution has been implemented. Another focus has been on a detailed
representation of demand response (DR) in industry as well as the residential and commercial
sector. DR is one option to increase the ﬂexibility of the power system to improve the utilisation of power plants and grid capacities. DR has been implemented into REMix as functional
energy storage with time-dependent limits in storage capacity and availability [Gils 2016]. DR
measures include load shedding, as well as load shifting to an earlier or later time. In addition
to the hourly load reduction and increase potential techno-economic the model input include
on the one hand shifting time, interference time, efﬁciency, day limit and year limit and on
the other hand speciﬁc costs for the exploitation and annual provision. Modelling results show
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that the economic application of DR is mostly limited to short-time peak shaving of residual
loads. It is particularly competing with peak-load power plants and short- to medium-term
storage technologies. DR can provide positive balancing power that can substitute other ﬁrm
generation capacity.
Controlled charging and discharging of battery electric vehicles is another option to increase
the ﬂexibility of the power system by linking the electricity system with the transport system.
This demand has been quantiﬁed by an analysis of empirical driving proﬁles jointly with DLR’s
transport research. From these proﬁles, the minimum and maximum state of charge of vehicle
batteries have been derived so that they can still fulﬁl the driving needs. The largest effect in
the reduction of system cost and curtailment of renewable energy has been seen by controlled
charging, which can avoid peak demand increase and adapt power demand to power availability. Charging is typically postponed to noon (PV peak) or night hours with low demand.
Flexible operation of hydrogen electrolysis is another option to shift power demand.
All options were implemented into the REMix model, and the analysis showed that curtailments of renewable power production and start-up cycles of conventional power supply could
be reduced signiﬁcantly. The results of the analysis with regional and temporal resolution exhibit a high potential in terms of reducing system operation costs and required generation and
network expansion [Luca de Tena 2018]. Renewable fuels are a further option to decarbonise
the transport sector, especially in aviation and heavy goods transport. First analysis results on
synthetic hydrocarbons are presented in [Moser 2017].
The REMix model has also been used to determine the demand for storage, grid and back-up
capacity at various shares of ﬂuctuating power supply by PV and wind on a European scale.
In particular, new parameterisations were derived for the application in more extensive energy-climate impact assessment models [Scholz 2017, Gils 2017]. Figures 3.62 and 3.63 show
the demand for various storage technologies depending on the amount of installed PV and
wind power: battery and pumped hydroelectric storage is well correlated with the amount of
installed PV power. Hydrogen storage corresponds to the amount of wind power in the system. Based on this input, the environmental impact of high penetration scenarios for Europe
has been assessed together with the Norwegian University of Science and Technology (NTNU)
and Yale University [Berrill 2016].
Figure 3.62: Pumped hydroelectricity storage (top) and
battery (center) converter capacity installation in the
scenarios with medium CO2 certiﬁcate costs. Hydrogen storage (bottom) converter capacity installation in
the scenarios with high CO2 certiﬁcate costs. All values
relative to peak load [Scholz 2016].
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The basic REMix model uses a linear programming (LP) approach [Gils 2017]. This is more
effective in computational time, but cannot capture all elements of power system operation.
A mixed-integer (MILP) approach can also describe unit-commitment, ramping and start-up
costs and allows on/off decisions of generator units. The effect of the selected method has
been assessed in [Cebulla 2017]. The results show that LP models tend to underestimate storage demand, as they neglect technical restrictions which affect operating costs leading to an
unrealistically ﬂexible thermal power plant dispatch. The deviation between both approaches,
however, becomes less pronounced as the share of renewable generation or the system size
increase.

3.5.3 Energy Economics
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Figure 3.63: Structure of system levelized cost of electricity (LCOE) showing the proportions of costs for
power generation, storage, transmission, and CO2
emissions in scenarios with 50 % PV and 50 % wind
[Gils 2017].
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Research in this area focusses on analysing the impact of market design on market outcomes
as well as the impact of changes in the energy system and in energy and climate policy on the
wider economy, including the corresponding feedbacks on the energy system. In relation to
the market design analysis, the agent-based electricity market simulation model AMIRIS has
been developed at the DLR Institute of Engineering Thermodynamics for several years. The
development of AMIRIS focusses on questions of reﬁnancing renewable power plants and
ﬂexibility options in energy systems with high shares of renewable energies. The model can
also accommodate regional differences, e.g., the different availability and costs of resources,
thus allowing modelling at different scales. The modelling of markets covers the behaviour of
dispatching and marketing energy on the markets as well as on the investments of the actors
into new energy technologies. Agent-based modelling is particularly suitable for the analysis
of complex systems with autonomous and heterogeneous agents acting in a changing environment. AMIRIS is able
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The market integration of renewable energy sources through the German market premium
scheme was analysed in [Purkus 2015]. The variable premium introduced in Germany has
made a positive contribution to the marketing efﬁciency of dispatchable renewable energy
sources. The beneﬁts of a greater demand orientation remain limited when considering the
extent to which load shifting is incentivised. For intermittent renewables, incentives to encourage a change in feed-in behaviour are only effective in times of negative electricity prices
when voluntary curtailment is encouraged. Further, the impacts of different intermittent renewables support instruments were investigated, when taking into account uncertainty and
the risk perception of the relevant actors (Figure 3.64).
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− to assess the impact of regulatory changes on the various actors on the energy markets and
− to investigate and handle expectations and uncertainty at the micro and macro level with
regard to technology and market development, policy and regulation.

Market Premium
RE elec. Output

Figure 3.64: Allocation of RE-electricity output and
support cost and electricity prices 2019-2035 in a best
case-scenario [Reeg 2019]

A multitude of policy framework scenario simulations and analyses for different types of wind
and photovoltaic investors and intermediaries were carried out. This should cover variations
in RES-E support schemes and their impact on the micro-level of actors as well as on the macro-level of the energy system – like costs of the support schemes and development of prices
at the energy exchange [Reeg 2019, Deissenroth 2017].
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The investment dynamics were analysed for roof-top PV and PV-storage systems. The investment in PV installation < 10 kWp shows a very variable pattern which seems to be correlated
to changes in legislation (i.e. mainly changes of the feed-in tariff). The internal rate of return
(IRR) has proven to be a good parameter to explain the investment dynamics. It could also be
shown, however, that the question of when people invest in residential PV systems is not only
determined by IRR/proﬁtability, but also by proﬁtability’s change compared to the status quo.
This ﬁnding is interpreted in the light of loss aversion, a concept developed in Kahneman and
Tversky’s prospect theory [Klein 2017].
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This methodology is now being applied to the case of PV-battery system deployment (Figure
3.65).
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Figure 3.65: Uptake of PV-battery systems, model and
real data [Klein 2017].

So far, there is only very limited quantitative research on the potential dynamics of the uptake
of PV-battery systems, the effect on the overall energy system, and what can be done about
it. AMIRIS is one of the ﬁrst electricity market simulation models that is able to depict the deployment dynamics of PV-battery systems in Germany, and the very ﬁrst to evaluate the effect
of policy decisions concerning PV battery systems [Klein 2019].
The economic effects triggered by the energy system transformation is of particular importance for political decision-makers. Together with partners from the German Institute for
Economic Research (DIW) and the Institute of Economic Structures Research (GWS), DLR’s
Institute of Technical Thermodynamics has worked on this subject over the past 15 years. In
the past four years, it has conducted a study on behalf of the BMWi to provide economic indicators for the monitoring process of the energy system transformation. Based on a systematic
delimitation of the relevant economic sectors technology speciﬁc ﬁgures for investments,
domestic demand, gross output and employment were established for the period 2000-2017
[O’Sullivan 2019].

3.5.4 Cross-Cutting Activities
The successful coupling of the energy and mobility sectors is key to achieve an entirely sustainable system. On the one hand, low-emission transport obviously relies on sustainable
chemical and electrochemical energy carriers. On the other hand, sector coupling provides a
necessary additional ﬂexibility option to balance supply and demand at all times in an energy system with high shares of renewables. Electrochemical storage charging behaviour and
ﬂexible production of hydrogen and synthetic fuels offer opportunities for system friendlier
mobility and improved integration of renewable energy sources. Transformation pathways for
the coupled energy and transport system have to be developed in a joined effort, as they are
strongly linked to each other.
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Research on the integration of the energy and transport sectors is done in close collaboration
with the DLR-Institute of Vehicle Concepts (DLR-FK) and DLR-Institute of Transport Research
(DLR-VF). One element is the detailed description of electric vehicles within the REMix model.
The development of the car ﬂeet is developed in cooperation with the VECTOR 21 model of
DLR-FK [Luca de Tena 2018] charging behaviour of the users with the CURRENT Model of
DLR-VF.
Synthetic fuels are a further option to defossilise the existing car ﬂeet in the transport sector.
This is done in a number of research projects on future fuels and the assessment of production pathways of synthetic fuels and their impact on the energy system in close collaboration
with the transport institutes as well as e.g. the DLR-Institute of Solar Research (DLR-SF) and
DLR-Institute of Combustion Technology (DLR-VT).
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4. National and International
Collaboration
DLR-TT considers as an essential part of its mission to maintain close collaborative links to
leading institutions in academia and industry both on a national and international level. A
central role in the national collaboration is played by the University of Stuttgart and the University of Ulm to which the Professors of DLR-TT are afﬁliated. Speciﬁcally, André Thess, Andreas Friedrich (and Valentin Bertsch until September 2019) are Professors at the University of
Stuttgart, whereas Arnulf Latz and Josef Kallo are Professors at the University of Ulm. With
ﬁve Professors having a joint appointment with a German University, DLR-TT is one of the
leading institutes at DLR with regards to links to Universities. As will be detailed below, these
joint appointments lead to important synergy effects, for instance, in support of Universities in
the German Excellence Initiative. An additional joint appointment is planned with the University of Oldenburg in connection with the integration of the interation of the fuel cell activities
of Oldenburg into DLR-TT.
The collaboration with other centres within the Helmholtz Association is another constitutive
element of the research at DLR-TT. Within the energy program, particularly intensive links exist
to the Karlsruhe Institute of Technology (KIT) and the Research Center Jülich (FZJ).
On the level of industrial collaborations, strategic partners of DLR-TT are Airbus, Siemens,
Diehl Aerospace, Sunﬁre, Hydrogenics, Elring Klinger, and AREVA H2gen.
DLR-TT is active in several Technology Collaboration Programs of the International Energy
Agency IEA. These activities involve managing roles in annexes, round robin tests and joint
publications. The details of the activities will be described in the speciﬁc sections below.

4.1 Energy Storage Simulation
4.1.1 Academia
The energy storage simulation (ESS) activities performed at the Department of Computational Electrochemistry has very strong collaborations with leading research institutes nationally
and internationally. A strategic partnership has been established with the Fraunhofer Society,
with which the microstructure resolved battery simulation software BEST (Battery and Electrochemistry Simulation Tool), originally developed in the team of Arnulf Latz formerly at the
Fraunhofer ITWM, is continuously improved. The biggest partner for fuel cell and electrolysis
modelling is the research center Jülich. Battery simulation and modelling is integrated into
the Helmholtz Institute Ulm a research institute of KIT, University of Ulm, ZSW (Center for
Solar and Hydrogen Research) and DLR. The ESS activity of DLR forms the second largest
research group with 23 scientists at the Helmholtz Institute Ulm (HIU) covering modelling of
Lithium-ion batteries as well as post Lithium batteries. Nationally CEC participates in 3 of 4
pillars of the national research strategy „Research Plant Battery” („Dachkonzept Forschungsfabrik Batterie”), and therefore is the key simulation partner for all aspects of battery research
in Germany (solid state batteries in the FestBatt Cluster, production research in the ProZell
Cluster, material development in the ExcelBattMatt Cluster). The head of the department is
also a member of the only national Cluster of Excellence „POLIS” on batteries. Internationally
CEC is a partner of a new DOE-BMBF cooperation on fundamental aspects of Lithium-metal
anodes and solid electrolytes. Within this cooperation, CEC is a partner in two of three projects, coordinating one of the two. The partners envolved are all national Labs working on
batteries (LBNL, ANL, LLNL, PNNL, ORNL) and large research universities (MIT, the Universities
of Maryland and Michigan, Texas A&M University). In Japan CEC cooperates with JAXA, the
Japanese Aerospace Agency on simulation and modelling of batteries in space. Cooperation
with NASA on low temperature properties of batteries will start at the latest in 2020. Coop-

Selected collaboration partners in the ﬁeld of Energy
Storage Simulation
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eration with industry is mostly embedded in EU and BMBF projects. Well known cooperation
partners are VW, Porsche, BMW, Varta, BASF, SGL and Schefﬂer. On EU level cooperation was
also established with major research institutes with such active partners as Cidetec in Spain
and CEA in France with a special focus on fuel cell research.

4.1.2 Industry
Starting point for the development of models for solid-state batteries was a joint project with
Toyota Europe and Toyota Japan within the Concert Japan program of the EU. This led to the
participation in the nationwide FestBatt cluster on solid-state batteries. There are many contacts to VW, BMW, BASF, SGL, Varta and other companies active in battery or battery materials
research. It is intended to develop these contacts into bilateral projects.

4.2 Thermal Energy Storage
Within Helmholtz and in the wider scientiﬁc community, the research ﬁeld on Thermal Energy Storage (TES) at DLR cooperates with a large number of institutions from academia and
industry. The most relevant cooperation and network activities follow the value chain of TES
development with collaborations in the ﬁeld of material and storage component research and
development, as well as for integration aspects of TES.

4.2.1 Academia

Selected collaboration partners in the ﬁeld of Themal
Energy Storage

In the ﬁeld of storage material, DLR-TT was and is collaborating within various national and
international projects with, amongst others, NREL, ENEA, Ciemat, MPA and the Universities of
Siegen and Hamburg. The main goal of these collaborations is the improvement of the functionality of storage materials and the standardisation of material characterisation.
With the Universities of Stuttgart, Bayreuth, Siegen, Michigan-Dearborn (USA) and Pau
(France) DLR-TT collaborates in the ﬁelds of multi-scale simulation and experimental validation.
Process integration and economic evaluation of storage integration is one important key for
target-oriented development of storage technologies and also for DLR-TT. Therefore, DLRTT strongly collaborates with EWI, Tecnalia and the Universities of Gent, Valencia and Duisburg-Essen within different projects.

4.2.2 Industry
TES requires inexpensive and well deﬁned materials which are supplied by the industry, mostly in bulk quantities. Hence, a close collaboration of material manufactures is essential for
cost-effective storage development. For example, in the area of thermochemical storage tailored materials with suitable integrity and reaction kinetics are developed and supplied from
Rheinkalk and Erachem. For molten salt, sensible heat storage impurities in salts drive corrosion and new salt suppliers are essential for salt mixture with lower melting temperatures.
Hence DLR-TT closely cooperates with salt suppliers such as BASF, SQM and Yara.
For further deployment of the molten salt technology due to R&D projects and the improved
operation of the TESIS facility there is a close collaboration with the major German molten salt
plant manufacturers (Flagsol, MAN, Linde). Other storage type developments are supported
by Züblin, Linde, Flagsol, Brökelmann, Bühler, Siemens and others.
Careful integration of TES into processes is a key to a maximised beneﬁt for process operation. For TES applications in power generation, DLR-TT has long-lasting cooperations with a
number of utilities and OEMs including RWE, Vattenfall, STEAG, E.on, EnBW, LEAG, General
Electrics, Siemens, Mitsubishi Hitachi Power Systems, PlanEnergi, Aiguasol and IRE. For the
application of TES in energy intensive industrial processes, cooperation partners include Siemens, Evonik, Covestro, Arcelormittal, Badische Stahlwerke, Dechema and others.
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4.2.3 Associations
As one of the leading research institutions in the ﬁeld of thermal energy storage, the Department of Thermal Process Technology participates in all relevant national and international networks. Among others, DLR-TT is actively involved in the Technology Collaboration Programme
„Energy Storage” of the IEA as Operating Agent of Annex 30 „Thermal Energy Storage for
Cost-Effective Energy Management and CO 2 Mitigation”, as expert in Annexes 24, 25 and
33 as well as designated Operating Agent of the planned Annex on Carnot Batteries. In the
framework of the latter, DLR-TT brings together experts from industry and academia in a
structured way, assesses the state-of-the-art of R&D of Carnot Batteries, deepens the understanding of their possible role in the future energy system and makes it internationally visible.
Where relevant for storage, DLR-TT participates in other IEA Technology Collaboration Programmes, too, e.g. in Task 3 and 4 of the SolarPACES TCP for molten storage in CSP plants,
and Task 55 of the Solar Heating and Cooling TCP for seasonal storage in district heating. One
outcome of this very active involvement in the IEA work are joint publications with international experts, e.g. [Gibb 2018].
To promote the exchange of TES-relevant topics with the public, industry representatives, academia and European committees and to contribute to strategic documents, representatives
of DLR-TT participate in a number of expert groups as members or chairpersons, such as ETIPSNET WG 2 „Storage technologies & sector interfaces”, BMWI-Forschungsnetze, ProcessNet
Working Group „Thermal Energy Storage”, VDI Technical Committee „Energy Storage” and
others.

4.3 Electrochemical Energy Storage
The activity of the Department of Electrochemical Energy Technology (ECE) has a widespread
national and international network of collaboration partners. Due to active participation in
European funding opportunities the partners in Europe are numerous and lead to collaborative publications. The partnerships are so numerous and often changing according to the
needs of the projects that it goes beyond the scope of this report to list them all here.
Over the last decades stable partnerships have developed which will be speciﬁed subsequently.

4.3.1 Academia
The closest partnerships in the battery ﬁeld are with Helmholtz Institute Ulm (HIU), where
DLR is involved with battery modelling, with Center for Solar Energy and Hydrogen Research
Baden-Württemberg (ZSW), which is a regional partner with long-standing battery expertise,
and the University of Stuttgart. Stable collaborations exist with the University of Ulm, KIT and
the HS Esslingen, and we can rely on established work sharing with these institutions. Internationally close collaborations are mainly organised through EU funded projects where we
select partners with outstanding research capabilities. Examples are BIU (led by Prof. Aurbach,
Israel), DTU (Denmark), CIDETEC (Spain), and CEA (France). A special case is Lithium-ion batteries for space applications where we collaborate with NASA (USA) and Jaxa (Japan). These
research activities concern the development and validation of Lithium-ion batteries under high
power and low-temperature conditions for future small spacecraft applications.

Selected collaboration partners in the ﬁeld of Electrochemical Energy Storage

Also, in the ﬁeld of fuel cells and electrolysis, we have strong and established collaborations
on regional level with University Stuttgart, University Ulm, ZSW, and HS Esslingen. DLR is
involved in the Kopernikus initiative where our main academic partners are FZJ and KIT. In
the frame of EU projects we often collaborate with CEA, DTU, PSI, CNR and CNRS. Recently, DLR has been involved in an international network for the development of planar cells
based on proton conducting ceramic materials. In the project DAICHI (Concert Japan) DLR
collaborates with the universities of Kyushu and Tohoku (Japan) and University of Oslo and
SINTEF (Norway) for developing a proof of concept of metal supported cell architecture. The
Japanese collaboration is helped by a senior staff member Noriko Sata, a graduate from the
University Tokyo. Within the project ARCADE there are collaborations with several institutes of
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CNRS (FRANCE) in Nantes, Belfort and Montpellier in the ﬁeld of materials science, thin-ﬁlm
technologies and nanomaterials, respectively. Moreover, ECE has close collaboration with UC
Irvine and the University of Genoa on hybrid SOC systems. To demonstrate highest reported
performance in the area of alkaline electrolysis key partners for characterisation, testing and
system built-up include DTU, FZJ and ZSW.

4.3.2 Industry
Industrial partners are of special importance for the department as they are the basis for
technology transfer and product development. In the battery ﬁeld, where most manufacturers
are located in Asia, the department ECE collaborates with Varta (Germany), Abengoa (Spain),
Cerpotech (Norway), Leclanché (Germany), Schaefﬂer, CustomCells, and EL-Cell. Collaborative activities range from diagnostics, material development to characterisation methods and
the determination of safe operating conditions of the batteries. Multiple bilateral contracts
for battery characterisation are conﬁdential and not described here. In the PEMFC ﬁeld DLR
is collaborating with major companies including automotive OEMs like Toyota (BE), BMW (D)
and Symbio (F), the component suppliers PowerCell (SWE), Johnson Matthey Fuel Cells (UK),
IRD Fuel Cells (DK), SGL Carbon (D), Freudenberg (D), Chemours (US), Solvay (I) and various
small and medium-sized enterprises. New cooperation with the maritime industry, such as
Meyer Werft and Lürssen Werft, is developed in national projects (Pa-x-ell 2). In the ﬁeld of
low-temperature electrolysis DLR has been collaborating in multiple European projects acting
as coordinator as well as component developer, that is RESelyser, QualyGridS, INSIDE, PRETZEL
and the recently granted NEWELY. Important industrial collaboration partners are Hydrogenics, Proton Onsite, Areva H2 Gen (France).
For high-temperature cells, ECE collaborates with technology manufacturers and providers in
particular Sunﬁre and SOLIDpower. For instance, in the German projects SynLink, HoCKEtse
and rSOC(b) key partners besides Sunﬁre are Air Liquide, Climeworks, Total, and Fraunhofer
(CBP, ICT, IKTS, ISE, IMWS) to develop efﬁcient high-temperature electrolysis and co-electrolysis systems. Further industrial partners with involvement in several projects are EnBW
(Germany), Audi (Germany), Schott (Germany), ElringKlinger (Germany), Kerafol (Germany),
HTceramics (Switzerland), CerPoTech (Norway) and Ceraco (Germany).

4.3.3 Associations and networks
It is important for our national and international collaborations to actively participate in associations and networks. We contribute actively to Hydrogen Europe research, European Energy
Research Alliance (EERA), and Joint Program Fuel Cells and Hydrogen. We have recently involved DLR in the European Battery Alliance. We are members of the local initiatives e-mobil
(core team), and of the national initiatives VDMA, DWV and BVES. K. A. Friedrich is member
of two VDI commissions „fuel cells and hydrogen” and „energy storage”. DLR staff is active
in the organisation of many conferences, e.g. FDFC, Ertl Symposia, IWIS etc.
Moreover, DLR is active participant in the semi-annual workshop International Energy Agency
(IEA), „Annex 30: Electrolysis”, in which DLR is in charge of the working group of BPP / porous
transport layer (PTL). Additionally, DLR is currently cooperating with the companies Hydrogenics (Canada) and Areva H2 Gen (France) for the development of testing protocols.
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4.4 Energy Storage Integration
The activity of the Department of Energy System Integration (ESI) has a widespread national
and international network of collaboration partners. Due to active participation in national
and European funding opportunities, the partners in Europe are numerous. The implementation of the projects enables a signiﬁcant exchange of information and knowledge and leads
to outstanding networking, especially within the national aeronautics industry in Europe, in
relation to electric propulsion fuel cell applications for aeronautics.

4.4.1 Academia
There is close collaboration with numerous European and international institutions of research
and education like Universidade de Lisboa (PT), Aston University (GB), Ghent University (BE),
University of Virginia, (USA) etc. in the ﬁeld of fuel cells, battery and hydrogen applications
and on biofuels, development of methods for the assessment of alternative fuels production
and process design for liquid hydrocarbons based on biomass and CO2.

Selected collaboration partners in the ﬁeld of Energy
Storage Integration

Internationally close collaborations are mainly organised through EU funded projects with selected partners with outstanding research capabilities. DLR and Jaxa have concluded a cooperation agreement with the aim of working together in the ﬁeld of propulsion technology for
future electric aircraft. Close ties exist with the Institute for Energy Conversion and Storage
(EWS) of the University of Ulm. Josef Kallo, as the Head of the Institute, is also deputy head
of the Energy System Integration Department at DLR-TT. The research of the institute focusses
on the analysis, integration and optimisation of electrochemical energy storage and conversion components as well as power electronics for mobile and stationary energy systems. With
the combined expertise of both departments, the full spectrum of fuel cell and battery-based
powertrains is covered.

4.4.2 Industry
With the development of electric drive trains and since no comparable systems are currently
available on the market, cooperation with DLR gives industrial partners and the aviation industry in Germany a competitive edge, while at the same time reducing development risks
signiﬁcantly. As a result, strong industrial cooperation has been established, resulting in direct
commissions, joint funding projects and knowledge/patent licensing.
DLR works closely with partners from the aviation industry such as Airbus, Diehl AS, Siemens,
Parker, LHT, etc. and with airports such as Stuttgart and Hamburg, but also with companies
from the fuel cell supplier industry such as Hydrogenics, Elring Klinger, Power Cells, etc. The
integration of the industry, as well as the consideration of aviation-relevant questions and
safety aspects, represents a goal-oriented, highly application-relevant development process as
well as an effective diffusion of relevant knowledge and relevant competence into the corresponding branches of industry process.
Due to the high complexity of the systems and the technological requirements under aeronautical conditions, numerous technological problems can only be solved in a network of partners
as given in the joint projects. These results can be transferred into subsequent projects, also
into adjacent application areas including trafﬁc and shipping.

4.4.3 Associations
The ESI department participates actively in associations and networks like the Joint Program
Fuel Cells and Hydrogen and in local initiatives like e-mobil (core team), national initiatives
VDMA and DWV. DLR staff is active in the organisation of many conferences, in particular
the symposium on electric ﬂight „E2Fliegen” and in extensive exchange with national and
international airworthiness organisations like EASA, LBA, CAA and FAA.
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4.5 Energy Systems Analysis
4.5.1 Academia
Many partnerships exist in the ﬁeld of energy system modelling, energy scenario development
and energy systems analysis that result in common projects, exchanges of guest scientists
and the supervising of PhD/Master theses. Most relevant are with the Fraunhofer Gesellschaft
(IWES, IFAM, ISE, ISI), several institutes of the University of Stuttgart (IFK, IER, ZIRIUS) and the
Karlsruhe Institute of Technology KIT (ITAS, IIP) and the Wuppertal Institut für Klima, Umwelt,
Energie gGmbH (WI). Within the Kopernikus Project ENavi, a strong partnership exists with
the Institute for Advanced Sustainability Studies – IASS, Potsdam Institute for Climate Impact
Research – PIK, Fraunhofer Institutes ISE, ISI, IEE and others.
Selected collaboration partners in the ﬁeld of Energy
Systems Analysis

In the ﬁeld of agent-based modelling and energy markets, a close cooperation has existed
with TU Delft for several years. This cooperation has also been strengthened by the exchange
of guest scientists. As for energy modelling, KIT is a reliable partner in the ﬁeld of energy
markets and agent-based modelling.

4.5.2 Associations
The department is closely involved in the activities of the international renewable energy agency
IRENA by providing contributions and the co-development of (1) the Global Atlas for Renewable
Energy, a web platform that allows its users to ﬁnd maps of renewable energy resources for
locations across the world and (2) the Renewable Energy Roadmap (Remap) that determines the
potential for countries, regions and the world to scale-up renewables.
With „Deutsche Gesellschaft für Internationale Zusammenarbeit” (GIZ) energy systems analysis
on an international level with a focus on Africa and South America has been conducted for
several years. This was done within common projects.
The department is in exchange with the European Energy Research Alliance Joint Program in
Energy Systems Integration with research activities and networking in the ﬁeld of energy system
modelling, model coupling, market design, sector coupling. Here, the department will soon join
as member.
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5. Research Infrastructure
Operation of unique and complex research infrastructures is an integral part of the mission of all institutes at DLR as a member of the Helmholtz
Association. Throughout its history, DLR-TT has made a great effort to maintain and operate a world-class portfolio of infrastructure including
software for high-performance computing. The following description is restricted to the most important pieces of infrastructure. Standard
diagnostic and computational infrastructure is not described here.

5.1 Energy Storage Simulation: BEST
BEST is the Battery and Electrochemistry Tool developed by the researchers in CEC in collaboration with the Fraunhofer ITWM in Kaiserslautern. BEST was originally developed for conventional Lithium-ion batteries and was in recent years continuously extended with
additional features and new cell chemistries and concepts like metal-air batteries, and all-solid-state batteries. The original BEST code
was based on a thermodynamically consistent model for Lithium-ion
batteries which was derived from the basic principles of non-equilibrium thermodynamics. The governing equations are the conservation
of mass, charge, and energy. By solving these equations, we were
able to calculate the spatial and temporal evolution of concentrations, potential, and temperatures. A special feature of BEST is the
microstructure-resolved simulation of battery materials. This allows
us to use the voxel-based geometry from imaging techniques like
computer tomography or focused ion beam scanning electron microscopy (FIB-SEM) in our simulations. As demonstrated in the section
above, this provides a direct connection between the microstructure
and the performance of battery electrodes. BEST is a parallel, modular, object-oriented C++ code. Depending on the size of the simulation domain BEST sets higher requirements on the computational
infrastructure and typically the simulations are run on high performance clusters hosted at the University of Ulm.

The modelling framework NEOPARD-X (Numerical Environment for
the Optimisation of Performance and Reduction of Degradation of X
(X = energy conversion device) has been developed at TT-CEC since
2013. It is written in C++ and based on the open source software
DuMuX and DUNE. NEOPARD-X is and has been used in various international and national projects and contains physical, transient models
for PEMFC, SOEC and DMFC. These models describe mass, charge
and energy transport as well as the electrochemical reactions on single cell scale in 2D or 3D. In addition, detailed models of various degradation mechanisms are implemented to investigate the origin of
the performance losses during ageing. The modular structure of the
code allows for an easy extension to model additional mechanisms
or even other technologies such as thermochemical storage devices.
NEOPARD-X is also coupled with optimisation algorithms which enables a simulation based optimisation of operating conditions or cell
design.
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HOTREG – test environment for the ﬂexible operation of large-scale regenerator heat storage. Storage vessel on the left and gas-ﬁred air heater on the right.

5.2 Thermal Energy Storage: HOTREG
The high-temperature testbed for regenerator heat storage “HOTREG”
is a unique and ﬂexible test environment for solid media regenerator
storages in relevant scale for power plant applications.
The central component is a solid material storage unit for operation
with hot air at an adjustable pressure. The 5 m tall hanging storage
container includes a removable inner chamber that allows for the
modiﬁcation of numerous test setups with various storage materials
and high-temperature insulation without excessive time expenditure.
The unit is also equipped with a power-to-heat module for testing
concepts such as resistance or induction heating of the storage material.
The plant design allows for ﬂexible test operation due to the broad
variability of all governing test parameters such as temperature, pressure, throughput and air humidity. The usable temperature range is
from 100°C to 830°C, at a working pressure between 1.5 bar to
11 bar. The maximum charge heat rate provided by a gas burner is
175 kW. The facility is extended by a 120 kW power-to-heat module.
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This highly ﬂexible testing environment makes the HOTREG facility
essential for experimental backing of new storage concepts in various
power plant applications. These include heat-based electricity storage
solutions such as adiabatic compressed air energy storage (A-CAES)
and Brayton based Carnot Battery as well as solar tower power plants
with air receiver. The additional electrical heating component enables
an experimental investigation of novel power-to-heat concepts for
external heating of the packed bed in pilot scale. Furthermore, the
testing of power-to-heat solutions in combination with high-temperature solid media storage provides conceptual proof of functionality
and operational behaviour of so called electrothermal energy storage
(ETES).

TESIS – Test Facility for Thermal Energy Storage in Molten Salts located at the Cologne site of DLR-TT.

5.3 Thermal Energy Storage: TESIS
The test facility for thermal energy storage in molten salts “TESIS” is
the ﬁrst-of-its-kind research facility for molten salt storage in relevant
scale in Germany. At the moment, molten salt storage is utilized in
solar thermal power plants situated in Earth’s Sun belt. In the future
there are areas of application for this storage technology in other latitudes, including Germany. Application ﬁelds include the energy-intensive industrial processes (e.g. iron and steel). Variable renewable
electricity could also be converted into heat. This high-temperature
heat can be stored and supplied without ﬂuctuation to production
processes and power cycles. Even conventional fossil fuel power
plants would beneﬁt. The transition process of conventional fossil
fuel power plants could undergo different development steps including ﬂexible and hybrid operation, as well as the conversion to bulk
electrical storage systems.

With a thermal capacity of 4 MWh, TESIS:store is the largest research
facility in the world designed to investigate new single tank molten
salt storage concepts in a temperature range from 290 to 560°C.
Storing heat in one large tank with ﬁller material can reduce the
capital cost up to 40 percent compared to state-of-the-art systems.
Research aspects include materials, heat and mass transfer, thermomechanics and system integration.
TESIS:com addresses the market introduction and quality improvement of molten salt components, as well as the development of
molten salt process and measurement technologies. The tests are
carried out in a climate-controlled building under deﬁned conditions.
Research equipment can be ﬂexibly set up, adjusted and tested under
extreme operating conditions, according to the customer’s requirements. This makes TESIS:com a unique facility for molten salt tests.

The facility TESIS is divided into two sub-systems. TESIS:store is used
for new single tank storage development. TESIS:com is used for qualiﬁcation of molten salt components and examination of process technology aspects. Work at the new facility steps away from laboratory
to industrial scale.
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Hybrid power plant combining a solid oxide fuel cell (SOFC) with micro gas turbine.

5.4 Electrochemical Energy Storage:
Hybrid Power Plant
The Department ECE operates a unique testing infrastructure for
SOFC systems larger than 10 KW with the possibility to pressurise the
reactor. High-pressure operation is the basis for a hybrid power plant
combining a SOFC with a gas turbine in a bottoming cycle. The hybrid power plant concept is investigated within cooperation between
DLR-VT and DLR-TT for improving the efﬁciency of power generation
and operating ﬂexibility while reducing the emission of carbon dioxide and other pollutants. DLR has build-up a pressurised SOFC system
with gas turbine emulation by hardware.
Important additional components are a desulphurisation unit, steam
reformer, high temperature gas recirculation blower, catalytic converter and gas burner. In addition, gas composition analysis, temperature
distribution measurement in the modules, and stack monitoring are
integrated into the set-up. To be able to build and run a pressurised
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SOFC system reliably the inﬂuence of pressure gradients, pressure
differences, and drops in pressure on the SOFC stacks used are investigated in additional testing facilities together with their operational
limits. For the integration of renewables, future power generation
needs dispatchable distributed power (and heat) sources that can operate on various fuels and are efﬁcient in a wide operation range. The
hybrid power plant research of ECE addresses this need and provides
industry-independent information. The testing infrastructure is being
extended to include the possibility for steam electrolysis and reversible operation of larger SOEC systems (> 30 kW).
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5.5 Electrochemical Energy Storage: KeMeNate
The large plant „KeMeNate” (from latin: caminus = furnace, heat system, chimney | caminata = heatable living space) represents a modularly constructed coating system especially well-suited for spraying
nanoparticles. KeMeNate stands for Multi Chamber Tank System for
Nano Coating Technology (from the German term „Kessel-Mehrkammeranlage für die Nanobeschichtungstechnologie”) and is a ﬂexibly
designed research facility. Different coating technologies are spatially concentrated in one laboratory offering the combination of spray
material production, performance of coatings, and analytics of the
layers. With this large plant reliable manufacturing of layers with
well-deﬁned quality can be realised. In addition, a sound knowledge
in handling of sub-micrometer particles is developed which helps to

avoid the risks resulting from respirable dust. Furthermore, a prototypic plant system as preliminary stage to industry-oriented mass
production exists. As secondary effect, KeMeNate serves to enhance
process efﬁciency of the coating processes. In case of expensive coating materials, this is done by recycling/waste management of the
overspray, respectively in thermal spraying by re-use of hot gases. It is
mainly used for layer production of various electrochemical applications (fuel cells, electrolysis, batteries, corrosion and heat protection).
The scope of layer thicknesses that can be realised by the process
technologies integrated in KeMeNate ranges from some micrometres
up to one millimetre.
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Flight test platform Hy4. The ﬁrst four-seat fuel cell powered electric aircraft with a twin fuselage.

5.6 Energy Storage Integration: Flight Test
Platform Hy4
The Hy4 is the ﬁrst four-seat fuel cell powered electric aircraft. It can
transport up to four people completely emission-free thanks to the
fuel cells powered by gaseous hydrogen and hybridized with Lithium-ion batteries. At the beginning of 2015, the basic structure of
the aircraft was acquired by H2FLY GmbH, a spin-off of the German
Aerospace Center (DLR), to develop a concept for a fuel cell driven all electric multi-person airplane with the partners DLR, Pipistrel,
University of Ulm, Hydrogenics and Stuttgart Airport. Thus, the Hy4
(short for Hydrogen and 4 seats) was born, which is the ﬁrst fuel-cell
powered aircraft in the world with 4 seats. With new avionics, a new
electric motor, two hydrogen pressure tanks and a hydrogen fuel
cell, Lithium-ion battery hybrid system, the aircraft was fundamentally changed and rebuilt. The Hy4 successfully completed its public
maiden ﬂight on 29.09.2016 at the international airport of Stuttgart.
The characteristic twin fuselage design is an advantageous design
for electric aircraft, where the propulsion system accounts for a large
part of the overall weight. On the one hand, this increases the volume for integrating the drive technology and passengers, and on the
other hand it greatly reduces the wing load on the lifting surfaces.
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The fuselages hold the batteries and the hydrogen tanks. The fuel
cells as well as the power electronics and cooling devices are located
in a separate nacelle, mounted centrally on the middle wing. The
large space available in nacelle and fuselages is ideal for integrating
new developed components and systems in the ﬁeld of fuel cells,
batteries, power electronics, cooling and hydrogen supply, with reasonable effort and for testing and validating the new developments
in a real ﬂight environment.
After a Europe-wide tender, access to the Hy4 as a ﬂight test platform was secured by means of a framework agreement with H2Fly
GmbH. This platform is thus available to DLR within the framework
of research and development projects for the development of fuel
cell-battery hybrid systems including cooling and hydrogen supply
units.

Basic structure of the REMix Model

5.7 Energy Systems Analysis: REMix
REMix was developed at the DLR Institute of Engineering Thermodynamics and consists of the sub-models EnDAT and OptiMo.
EnDAT provides information on renewable energy resources in high
spatial and temporal resolution, assessed based on meteorological
and geo-referenced data. It provides maximum installable capacities
and hourly time series of renewable power generation, as well as
power and heat demand. This information is the basis for the determination of least-cost energy supply systems in the linear optimisation model REMix-OptiMo. In addition to demand and renewables,
also conventional power plants, electricity storage systems and load
management are considered in the simulations. Furthermore, the
model optimises power transmission between deﬁned model regions
through a simpliﬁed representation of the alternating current transmission network and direct current lines. Interfaces to the transport
sector are integrated regarding electric mobility and hydrogen demand. To study the linkage between electricity and heat supply, various heat generating technologies have been included in the model.
This comprehends not only cogeneration plants but also heat pumps,

conventional and electric boilers, solar thermal and geothermal energy systems, which may all be equipped with thermal storage. The
link to the gas sector is included with regard to hydrogen electrolysis,
power-to-gas as well as gas storage and transport.
REMix-OptiMo is programmed in a modular structure. Each technology is represented by an independent module representing its
technical and economic characteristics. The model relies on a perfect
foresight modelling approach and optimises over the overall time horizon. Additional power plants, transmission lines or storage capacities can be optimised by the model according to the available potentials and system requirements. Taking into account constraints such
as installed capacities or the ﬂexibility of producers and consumers,
REMix-OptiMo simulates the interaction between all technologies
in hourly resolution and determines the least-cost development and
operation of the power system. REMix is designed to offer high ﬂexibility concerning geographical or technological focus. All modules
can in principle be applied to regions of all sizes, ranging from world
regions to single cities.
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6. Selected Publications
Since 2014 DLR-TT has maintained a complete internal database, listing all peer-reviewed
journal publications with impact factor. Due to the restriction of the length of the present
document to a maximum of 70 pages, it is impossible to provide a complete list of these publications, let alone the additional items including conference proceedings and patents. We have
therefore decided to restrict the following list to approximately one page per research ﬁeld. In
the following the most relevant journal papers, conference proceedings and patents for each
department of the institute are listed. In addition to that, the link https://teamsites-extranet.
dlr.de/tt/DLR-TT-IU2020/ contains not only a complete list of all peer reviewed papers for the
period 2014-2018, but also all papers in the form of postprints as pdf ﬁles. Publications for
2019 are not complete, because bibliographic information for papers published after the
deadline of the present report (31 October 2019) are not available yet. The full-text versions
of conference proceedings are available through the DLR tool elib. If you wish to obtain access
to this repository, please contact me at andre.thess@dlr.de.

6.1 Energy Storage Simulation
[Latz 2011] A. Latz, A., J. Zausch (2011). Thermodynamic consistent transport theory of Li-ion
batteries. Journal of Power Sources, 196(6), 3296–3302.
[Neidhardt 2012] J. P. Neidhardt, D. N. Fronczek, T. Jahnke, T. Danner, B. Horstmann, W. G.
Bessler, J. Electrochem. Soc. 2012, 159, A1528–A1542.
[Less 2012] G. B. Less, J. H. Seo, S. Han, a. M. Sastry, J. Zausch, A. Latz, S. Fell (2012). Micro-Scale Modeling of Li-ion Batteries: Parameterization and Validation. Journal of The Electrochemical Society, 159(6), A697–A704.
[Latz 2013] A. Latz, J. Zausch, (2013). Thermodynamic derivation of a Butler–Volmer model
for intercalation in Li-ion batteries. Electrochimica Acta, 110, 358–362.
[Horstmann 2013] B. Horstmann, B. Gallant, R. Mitchell, W. G. Bessler, Y. Shao-Horn, M. Z.
Bazant (2013). Rate-Dependent Morphology of Li2O2 Growth in Li−O2 Batteries. The Journal
of Physical Chemistry Letters, 4, 4217–4222.
[Danner 2015] Danner, Timo und Zhu, Guanchen und Hofmann, Andreas F. und Latz, Arnulf
(2015) Modeling of nano-structured cathodes for improved lithium-sulfur batteries. Electrochimica Acta 184, 124-133.
[Braun 2015] S. Braun, C. Yada, A. Latz (2015). Thermodynamically Consistent Model for
Space-Charge-Layer Formation in a Solid Electrolyte. The Journal of Physical Chemistry C,
119(39), 22249–22746.
[Latz 2015] A. Latz, J. Zausch, (2015) Multiscale modeling of Lithium-ion batteries : thermal
aspects, Beilstein J. Nanotechnol. 6, 987–1007.
[Single 2016] F. Single, B. Horstmann and A. Latz, Dynamics and morphology of solid electrolyte interphase (SEI), Phys. Chem. Chem. Phys., 18 (2016), 17810-17814
[Lück 2016] J. Lück u. A. Latz, Theory of reactions at electriﬁed interfaces, Phys. Chem.
Chem. Phys., 2016, 18, 17799—17804 (4.449)
[Danner 2016a] T. Danner, M. Singh, S. Hein, J. Kaiser, H. Hahn, A. Latz: Thick electrodes
for Li-ion batteries: A model based analysis, Journal of Power Sources (2016) 334,191–201
(6.217)
[Danner 2016b] T. Danner, S. Eswara, V. P. Schulz, A. Latz, Characterization of gas diffusion
electrodes for metal-air batteries, Journal of Power Sources (2016) 324:646–656 (6.217)
[Hein 2016] S. Hein, J. Feinauer, D. Westhoff, I. Manke, V. Schmidt, A. Latz, Stochastic microstructure modeling and electrochemical simulation of Lithium-ion cell anodes in 3D J. Power
Sources. 336 (2016) 161–171 (6.217)
[Single 2017] F. Single, B. Horstmann, A. Latz, Revealing SEI Morphology: In-Depth Analysis
of a Modeling Approach, Journal of The Electrochemical Society, Volume, Issue: 164, 111, pp.
E3132-E3145 (3.259)
[Clark 2017] S. Clark, A. Latz, B. Horstmann, Rational Development of Neutral Aqueous Electrolytes for Zinc-Air Batteries, ChemSusChem, Volume 10, Issue 23, pp. 4735-4747 (7.226)

61

[Stamm 2017] J. Stamm, A. Varzi, A. Latz, B. Horstmann, Modeling nucleation and growth
of zinc oxide during discharge of primary zinc-air batteries, Journal of Power Sources 360,
136-149 (2017) (6.395)
[Futter 2018a] G. Futter, P. Gazdzicki, K. A. Friedrich, A. Latz, T. Jahnke, „Physical modeling
of polymer-electrolyte membrane fuel cells: Understanding water management and impedance spectra”, Journal of Power Sources 391,148 (2018).
[Futter 2018b] G. A. Futter, A. Latz, T. Jahnke, „Physical modeling of chemical membrane
degradation in polymer electrolyte membrane fuel cells: Inﬂuence of pressure, relative humidity and cell voltage”, Journal of Power Sources 410–411, 78–90 (2019).
[Hoffmann 2018] V. Hoffmann, G. Pulletikurthi, T. Carstens, A. Lahiri, A. Borodin, M. Schammer, B. Horstmann, A. Latz, F. Endres, „Inﬂuence of a Silver salt on the Nanostructure of a
Au(111)/Ionic Liquid Interface: an Atomic Force Microscopy Study and Theoretical Concepts”,
Physical Chemistry Chemical Physics 20, 4760-4771 (2018).
[Clark 2018] S. Clark, A. Latz, B. Horstmann, „Theory-based engineering of metal-air batteries”, Batteries 4 (1), 5 (2018).
[Single 2018] F. Single, A. Latz, B. Horstmann, „Identifying the Mechanism of Continued
Growth of the Solid–Electrolyte Interphase”, ChemSusChem 11, 1950-1955 (2018).
[Finsterbusch 2018] M Finsterbusch, T Danner, CL Tsai, S Uhlenbruck, A Latz, O Guillon,
„High Capacity Garnet-Based All-Solid-State Lithium Batteries: Fabrication and 3D-Microstructure Resolved Modeling”, ACS Applied Materials and interfaces 10, 22329-22339 (2018)
[Lück 2018] J. Lück and A. Latz, „Modeling of the electrochemical double layer and its impact
on intercalation reactions”, Physical Chemistry Chemical Physics 20, 27804-27821 (2018)
[Westhoff 2019] D. Westhoff, T. Danner, S. Hein, A. Hoffmann, R. Scurtu, L.S. Kremer, A.
Hilger, I. Manke, M. Wohlfahrt-Mehrens, A. Latz, V. Schmidt, Analysis of microstructural effects in multi-layer Lithium-ion battery cathodes, submitted.
[Kremer 2019] L.S. Kremer, A. Hoffmann, T. Danner, S. Hein, B. Priﬂing, D. Westhoff, C.
Dreer, A. Latz, V. Schmidt, M. Wohlfahrt-Mehrens, Manufacturing Process for Improved Ultra-Thick Cathodes in High-Energy Lithium-Ion Batteries, Energy Technol. (2019) 1900167.
doi:10.1002/ente.201900167.
[Schmitt 2019] Schmitt, T., Arlt, T., Manke, I., Latz, A., & Horstmann, B. (2019). Zinc electrode shape-change in secondary air batteries: A 2D modeling approach. Journal of Power
Sources, 432, 119–132.
[Becker-Steinberger 2019] K. Becker-Steinberger, S. Schardt, B. Horstmann and A. Latz,
Space-Charge Layers in Polarized Solid Electrolytes, submitted (2019).

6.2 Thermal Energy Storage
[Gibb 2018] D. Gibb, M. Johnson, J. Romaní, J. Gasia, L. F. Cabeza, A. Seitz (2018). Process
integration of thermal energy storage systems – evaluation methodology and case studies,
Applied Energy. 230 (2018) 750-760.
[Bonk 2018] A. Bonk, S. Sau, N. Uranga, M. Hernaiz, T. Bauer (2018). Advanced heat transfer ﬂuids for direct molten salt line-focusing CSP plants, Progress in Energy and Combustion
Science 67 (2018) 69-87.
[Ding 2019] W. Ding, H. Shi, A. Jianu, Y. Xiu, A. Bonk, A. Weisenburger, T. Bauer (2019)
Molten chloride salts for next generation concentrated solar power plants: Mitigation strategies against corrosion of structural materials. Solar Energy Materials and Solar Cells. Elsevier.
ISSN 0927-0248
[Villada 2018] C. Villada, A. Bonk, T. Bauer, F. Bolívar (2018) High-temperature stability of
nitrate/nitrite molten salt mixtures under different atmospheres, Applied Energy, Volume 226,
107-115
[Richter 2017] M. Richter, E-M. Habermann, E. Siebecke, M. Linder (2017). A systematic
screening of salt hydrates as materials for a thermochemical heat transformer. Thermochimica
Acta, 659: 136-150.
[Schmidt 2017a] M. Schmidt, A. Gutierrez, M. Linder (2017). Thermochemical energy storage with CaO/Ca(OH)2 – Experimental investigation of the thermal capability at low vapor
pressures in a lab scale reactor. Applied Energy, 188(15): 672-681.
[Kölbig 2019] M. Kölbig, I. Bürger, M. Linder (2019). Characterization of metal hydrides for
thermal applications in vehicles below 0 °C. International Journal of Hydrogen Energy, 44(10):
4878-4888.

62

[Weckerle 2019] C. Weckerle, M. Nasri, R. Hegner, M. Linder, I. Bürger (2019). A metal
hydride air-conditioning system for fuel cell vehicles – Performance Investigations. Applied
Energy, 256:113957.
[Vogel et al.2016] J. Vogel, J. Felbinger, M. Johnson (2016) Natural convection in high temperature ﬂat plate latent heat thermal energy storage systems, Applied Energy, Vol. 184, pp.
184-196,
[Knödler 2019a] P. Knödler, (2019) Thermo-Mechanical Investigations of Packed Beds for
High Temperature Heat Storage: Continuum Modeling. Appl. Sci.2019,9, 2569;
[Knödler 2019b] P. Knödler (2019) Thermo-Mechanical Investigations of Packed Beds for
High Temperature Heat Storage: Uniaxial Compression Test Experiments and Particle Discrete
Simulations. Appl. Sci.2019,9, 1600;
[Bartsch 2019a] P. Bartsch, S. Zunft (2019) Granular ﬂow around the horizontal tubes of a
particle heat exchanger: DEM-simulation and experimental validation Solar Energy 182 (2019)
48- (4,4)
[Bartsch 2019b] P. Bartsch, S. Zunft (2019) Numerical investigation of dense granular ﬂow
around horizontal tubes: Qualiﬁcation of CFD model with validated DEM model Solar Energy
182 298-303 (4,4)
[Dreißigacker 2018] V. Dreißigacker, S. Belik (2018) High temperature solid media thermal
energy storage system with high effective storage densities for ﬂexible heat supply in electric
vehicles. Applied Thermal Engineering. Elsevier. ISSN 1359-4311
[Dreißigacker 2017a] V. Dreißigacker (2017). Power-to-heat in adiabatic compressed air energy storage power plants for cost reduction and increased ﬂexibility. Heat and Mass Transfer.
[Belik (2017)] S. Belik, V. Dreißigacker, M. Dieterich and W. Kraft (2017) Thermal Energy
Storage System: Power-to-Heat Concepts in Solid Media Storage for High Storage Densities.
Journal of Trafﬁc and Transportation Engineering 5
[Dreißigacker 2015] V. Dreißigacker (2015), Thermo-Mechanics in Packed Beds: Modeling
and Design of High Temperature Heat Storage, International Journal of Thermodynamics, Vol.
18 (No. 1), pp. 54-58
[Vogel 2019] J. Vogel, M. Johnson (2019) Natural convection during melting in vertical ﬁnned
tube latent thermal energy storage systems. Applied Energy, 246, Seiten 38-52. Elsevier. ISSN
0306-2619
[Steinmann 2017] W. Steinmann (2017) Thermo-mechanical concepts for bulk energy storage. Renewable and Sustainable Energy Reviews, 75, Seiten 205-219. Elsevier. ISSN 13640321
[Steinmann 2019] W. Steinmann, D. Bauer, H. Jockenhöfer, M. Johnson (2019) Pumped
thermal energy storage (PTES) as smart sector-coupling Technology for heat and electricity.
Energy, Seiten 185-190. Elsevier. ISSN 0360-5442

Patents granted between 2014 and 2019 which are still active:
[Finkenrath 2015] M. Finkenrath, S. Zunft, System and method for reducing moisture in a compressed air energy storage system. (Application granted 2015) EP2494170B,
WO2011059594
[Dreißigacker 2017b] V. Dreißigacker: Dampfbereitstellungsvorrichtung und Verfahren zum
Bereitstellen von Dampf. (Application granted 2017) DE102014106300B4
[Bauer 2011] T. Bauer, B. Hachmann: Heat Transfer Tube, WO2011069693
[Bürger 2016] I Bürger, C Weckerle, M Linder (application granted 2017), DE102016110062B3

6.3 Electrochemical Energy Storage
[Knorr 2019] F. Knorr, D. Garcia Sanchez, J. Schirmer, P. Gazdzicki, K. A. Friedrich (2019)
Methanol as antifreeze agent for cold start of automotive polymer electrolyte membrane fuel
cells, Applied Energy 238, 1–10
[Kraglund 2019] M. R. Kraglund, M. Carmo, G. Schiller, S.A. Ansar, D. Aili, E. Christensen,
J.O. Jensen (2019) Ion-solvating membranes as a new approach towards high rate alkaline
electrolyzers, Energy & Environmental Science, F1-F19

63

[Lettenmeier 2016] P. Lettenmeier, L. Wang, U. Golla-Schindler, P. Gazdzicki, N. Cañas, M.
Handl, R. Hiesgen, S. S. Hosseiny, A. S. Gago, K. A. Friedrich (2016) Nanosized IrOx-Ir Catalyst
with Relevant Activity for Anodes of Proton Exchange Membrane Electrolysis Produced by a
Cost-Effective Procedure, Angewandte Chemie 128 (2016) 752–756
[Lettenmeier 2017] P. Lettenmeier, S. Kolb, N. Sata, A. Fallisch, L. Zielke, S. Thiele, A. S.
Gago, K. A. Friedrich (2017) Comprehensive investigation of novel pore-graded gas diffusion
layers for high-performance and cost effective proton exchange membrane electrolysers, Energy & Environmental Science, Vol. 10, No. 12, Dec. 2017, 2521-2533
[Lettenmeier 2018] P. Lettenmeier, J. Majchel, L. Wang, S. A. Saveleva, S. Zafeiratos, E. R.
Savinova, J.-J. Gallet, F. Bournel, A. S. Gago, K. A. Friedrich (2018) Highly Active Nano-Sized
Iridium Catalysts: Synthesis and Operando Spectroscopy in Proton Exchange Membrane Electrolyzer, Chemical Science, 9, 3570-3579
[Riegraf 2017] M. Riegraf, M. P. Hoerlein, R. Costa, G. Schiller, K.A. Friedrich (2017) Sulfur Poisoning of Electrochemical Reformate Conversion on Ni/Gadolinium-Doped Ceria Electrodes, ACS Catalysis, 7 (11), pp. 7760–7771
[Savaleva 2016] V. A. Saveleva, L. Wang, W. Luo, S. Zafeiratos, C. Ulhaq-Bouillet, A. S. Gago,
K. A. Friedrich, E. R. Savinova (2016) Uncovering the Stabilization Mechanism in Bimetallic
Ruthenium − Iridium Anodes for Proton Exchange Membrane Electrolyzers, Journal of Physical
Chemistry Letters 2016, 7, 3240−3245
[Savaleva 2018] V.A. Saveleva, L. Wang, D. Teschner, T. Jones, A. S. Gago, K.A. Friedrich, S.
Zafeiratos, R. Schlögl, E. R. Savinova (2018) Operando Evidence for a Universal Oxygen Evolution Mechanism on Thermal and Electrochemical Iridium Oxides, Journal of Physical Chemical
Letters, 9, 3154−3160
[Sproll 2017] V. Sproll, M. Handl, R. Hiesgen, K. A. Friedrich, T. J. Schmidt, L. Gubler (2017)
Membrane architecture with ion-conducting channels through swift heavy ion induced graft
copolymerization, Journal of Materials Chemistry A, 5, 24826–24835
[Wang 2017] L. Wang, V. A. Saveleva, S. Zafeiratos, E. R. Savinova, P. Lettenmeier, P. Gazdzicki, A.S. Gago, K. A. Friedrich (2017) Highly active anode electrocatalysts derived from electrochemical leaching of Ru from metallic Ir0.7Ru0.3 for proton exchange membrane electrolyzers, Nano Energy 34 (2017), 385-391
[Wittmaier 2015] D. Wittmaier, N. A. Cañas, I. Biswas, K. A. Friedrich (2015) Highly Stable
Carbon-Free Ag/Co3O4-Cathodes for Lithium-Air Batteries: Electrochemical and Structural Investigations, Advanced Energy Materials 5(19) 2015

Patents granted between 2014 and 2019 which are still active
No. 16201937.6, EU: Sekundärzelle, Akkumulator umfassend eine oder mehrere Sekundärzellen und Verfahren zum Laden und Entladen - registered: 02.12.2016
No. 102017109233A1, Germany: Segmentierte Elektrodeneinheit, Batterie und Verfahren
zur Herstellung einer segmentierten Elektrodeneinheit - registered: 28.04.2017
No. 102018123285.3, Germany, Elastische verformbare Kohlenstoffaerogele als Matrixmaterial in Schwefelelektroden - registered: 21.09.2018
No. 102014102304.8 - 3108528, Germany, Norway, Denmark, France, UK, Spain: Gasdiffusionselektrode, Verfahren zur Herstellung einer Gasdiffusionselektrode und Batterie - grant of
the patent: 03.04.2019

6.4 Energy Storage Integration
[Werner 2015] C. Werner, L. Busemeyer, J. Kallo (2015) The impact of operating parameters
and system architecture on the water management of a multifunctional PEMFC system; International journal of hydrogen energy 40 S. 11595 - 11603;
[Werner 2016] C. Werner, G. Preiß, F. Gores, M. Griebenow, S. Heitmann (2016) A comparison of lowpressure and supercharged operation of polymer electrolyte membrane fuel cell
systems for aircraft applications, Progress in Aerospace Sciences 85 S. 51 - 64
[Montaner Rios 2019] G. Montaner Ríos, F. Becker, S. Bleeck, C. Gentner, I. Sokolov, J.
Schirmer, J. Kallo (2019): Cold Start Improvement of a Polymer Electrolyte Fuel Cell System by
Oxygen Enrichment, Proceedings EFCF 2019
[Becker 2018_1] F. Becker, F. Pillath, J. Kallo (2018): Cathode Exhaust Gas Recirculation for
Polymer Electrolyte Fuel Cell Stack, FuelCells, Vol. 18, Issue 5, 568-575.

64

[Becker 2018_2] F. Becker, C. Gentner, G. Montaner Ríos, I. Sokolov, J. Kallo: Performance
Enhancement of Fuel Cell Systems for Aeronautical Application by Using Oxygen Enriched
Cathode Gas, Proceedings DLRK 2018
[Knorr 2019] F. Knorr, D. Garcia Sanchez, J. Schirmer, P. Gazdzicki, K. A. Friedrich (2019):
Methanol as antifreeze agent for cold start of automotive polymer electrolyte membrane fuel
cells. Applied Energy, 238, Seiten 1-10. Elsevier.
[Flade 2016] S. Flade, T. Stephan, O. Thalau, T. Burberg, J. Schirmer, J. Kallo (2016): Air
breathing PEM Fuel Cells in Aviation. ECS Transactions, 75 (14), Seiten 471-447. Electrochemical Society, Inc.
[Waiblinger 2015] W. Waiblinger, J. Kallo, J. Schirmer, K. . Friedrich (2015): High Temperature Polymer Electrolyte Fuel Cell Systems for Aircraft Applications. In: High Temperature
Polymer Electrolyte Fuel Cells. Springer Verlag. Seiten 511-525. ISBN 978-3-319-17081-7
[König 2015a] D. H. König, M. Freiberg, R. Dietrich, A. Wörner (2015): Techno-economic
study of the storage of ﬂuctuating renewable energy in liquid hydrocarbons. Fuel – The Science and Technology of Fuel and Energy, 159, Seiten 289-297. Elsevier
[König 2015b] D. H. König, N. Baucks, R. Dietrich, A. Wörner (2015): Simulation and evaluation of a process concept for the generation of synthetic fuel from CO2 and H2. Energy, 91,
Seiten 833-841. Elsevier.
[Martin 2016] S. Martin, F. G. Albrecht, P. van der Veer, D. Lieftink, R. Dietrich (2016): Evaluation of on-site hydrogen generation via steam reforming of biodiesel: Process optimization
and heat integration. International Journal of Hydrogen Energy, 41, Seiten 6640-6652. Elsevier.
[Albrecht 2017] F. G. Albrecht, D. H. König, N. Baucks, R. Dietrich, Ralph-Uwe (2017): A
standardized methodology for the techno-economic evaluation of alternative fuels – A case
study. Fuel – The Science and Technology of Fuel and Energy, 194, Seiten 511-526.
[Speidel 2016] M. Speidel, H. Fischer (2016): Steam reforming of tars at low temperature
and elevated pressure for model tar component naphthalene. International Journal of Hydrogen Energy, 41 (30), Seiten 12920-12928. Elsevier. DOI: doi:10.1016/j.ijhydene.2016.05.023
[Dietrich 2018] R. Dietrich, F. G. Albrecht, S. Maier, D. H. König, S. Estelmann, S. Adelung, Z.
Bealu, A. Seitz (2018): Cost calculations for three different approaches of biofuel production
using biomass, electricity and CO2. Biomass & Bioenergy, Seiten 165-173. Elsevier.
[Estelmann 2018] S. Estelmann, R. Dietrich, A. Seitz (2018): Flexibilitätsoptionen in der Grundstofﬁndustrie Methodik | Potenziale | Hemmnisse. ISBN 978 3 89746 206 9
[Pearson 2015] K. Pearson, T. Käfer, G. Kraaij, A. Wörner (2015): Experimental study of the
partial catalytic dehydrogenation of selected kerosene components with PteSn/g-Al2O3. International Journal of Hydrogen Energy, 40 (3), Seiten 1367-1378. Elsevier.
[Karl-Kiên Cao 2018], Alejandro Nicolás Nitto, Evelyn Sperber, André Thess, Expanding the
horizons of power-to-heat: Cost assessment for new space heating concepts with Wind Powered Thermal Energy Systems, Energy, Volume 164, 2018

Patents
[Schirmer Patent 2019] No.: 102018120736.0, WO: Verfahren zum Betreiben eines hybriden elektrischen Antriebssystems, Antriebssystem und Verwendung des Antriebssystems bei
einem Luftfahrzeug – registered: 14.08.2019
[Stephan Patent 2018] No.:102019111829.8, DE: Regelventil zur Regelung eines Kühlmittelstroms in einem Kühlsystem – registered: 07.05.19

6.5 Energy Systems Analysis
[Berrill 2016] P. Berrill, A. Arvesen, Y. Scholz, H.C. Gils, E.G. Hertwich (2016): Environmental
impacts of high penetration renewable energy scenarios for Europe. Environ.Res.Lett 11.
[Cao 2016] K.K. Cao, F. Cebulla, J.J. Gómez Vilches, B. Mousavi, S. Prehofer (2016): Raising
awareness in model-based energy scenario studies – a transparency checklist. Energy, Sustainability and Society 6, 28.
[Cebulla 2017] F. Cebulla and T. Fichter (2017): Merit order or unit-commitment: How does
thermal power plant modeling affect storage demand in energy system models? Renewable
Energy 105, 117-132.

65

[Deissenroth 2017] M. Deissenroth, M. Klein, K. Nienhaus, M. Reeg (2017): Assessing the
Plurality of Actors and PolicyInteractions - Agent-based Modelling of Renewable Energy Market Integration. Complexity, 1-24.
[Gils 2016] H.C. Gils (2016): Economic Potential for Future Demand Response in Germany Modelling Approach and Case Study. Applied Energy 162, 401-415.
[Gils 2017] H.C. Gils, Y. Scholz, T. Pregger, D. Luca de Tena, and D. Heide (2017): Integrated
modelling of variable renewable energy-based power supply in Europe. Energy 123, 173-188.
[Klein 2017] M. Klein and M. Deissenroth (2017): When do households invest in solar photovoltaics? An application of prospect theory. Energy Policy, 109, 270-278.
[Luca de Tena 2018] D. Luca de Tena and T. Pregger (2018): Impact of electric vehicles on a
future renewable energy-based power system in Europe with a focus on Germany. Int. J. of
Energy Research Vol. 42, 2670–2685.
[Moser 2017] M. Moser et al. (2017): Synthetische ﬂüssige Kohlenwasserstoffe aus erneuerbaren Energien – Ergebnisse der Helmholtz Energieallianz. Chem.Ing.Tech 89, 274-288.
[Naegler 2015] T. Naegler, S. Simon, M. Klein, H.C. Gils (2015): Quantiﬁcation of the European industrial heat demand. Int. J. of Energy Research 39, 2019-2030.
[O’Sullivan et al 2019] M. O’Sullivan, D. Edler, U. Lehr (2019): Ökonomische Indikatoren der
Energiebereitstellung – Methode, Abgrenzung und Ergebnisse für den Zeitraum 2000-2017.
Research project on behalf of the Federal Ministry of Economics and Energy (BMWi), January
2019.
[Purkus 2015] A. Purkus, E. Gawel, M. Deissenroth, K. Nienhaus, S. Wassermann (2015):
(2015) Market integration of renewable energies through direct marketing - lessons learned
from the German market premium scheme. Energy, Sustainability and Society 5:12, 1-13.
[Reeg 2019] M. Reeg (2019): AMIRIS – Ein agentenbasiertes Simulationsmodell zur akteuersspeziﬁschen Analyse techno-ökonomischer Effekte bei der Strommarktintegration und
Reﬁnanzierung Erneuerbare Energien, Ph.D. Thesis, Dresden University.
[Scholz 2017] Y. Scholz, H.C. Gils, R. Pietzcker (2017): Application of a high-detail energy
system model to derive power sector characteristics at high wind and solar shares. Energy
Economics 64, 568-582.
[Teske 2019] S. Teske et al. (2019) Achieving the Paris Climate Agreement Goals - Global and
Regional 100% Renewable Energy Scenarios with Non-energy GHG Pathways for +1.5°C and
+2°C. Open Access E-Book, Springer Nature.
[Wassermann 2015] S. Wassermann, M. Reeg, K. Nienhaus (2015): Current challenges of
Germany’s energy transition project and competing strategies of challengers and incumbents:
Energy Policy 76, 66-75.
[Weimer-Jehle 2016] W. Weimer-Jehle, J. Buchgeister, W. Hauser, H. Kosow, T. Naegler,
W.R. Poganietz, T. Pregger, S. Prehofer, A. von Recklinghausen, J. Schippl, S. Vögele (2016):
Context scenarios and their usage for the construction of sociotechnical energy scenarios.
Energy 111, 956-970.

66

7. Abbreviations
AEA
AEM
AEMWE
APS
ASC
ASR
AST
AWE
BMBF
BMWi
BoP
BPP
BTL
CEC
CENmat
CFD
CGO
CHP
CIEMAT
CURRENT
CV
DLR
DLR-FK
DLR-SF
DLR-TT
DLR-VE
DLR-VF
DLR-VT
DOE
DR
ECE
ECSA
EIS
ENEA
ESI
ESS
EU
EWI
e-Xplore
FC
FCCP
FCH JU
FCPP
FZJ
GDC

All Electric Aircraft
anion exchange membrane
anion exchange membrane water electrolyser
atmospheric plasma spraying
anode-supported cell
area speciﬁc resistance
accelerated stress test
alkaline water electrolyser
German Federal Ministry of Education and Research (Bundesministerium für Bildung und Forschung )
German Federal Ministry for Economics and Energy (Bundesministerium für Wirtschaft und Energie )
balance-of-Plant
bipolar plate
Biomass to Liquid
Department of Computational Electrochemistry
Cutting-Edge Nanomaterials UG
Computational Fluid Dynamics
Ce1-xGdxO2-α
combined heat and power system
Centre for Energy, Environment and Technology, Spain
Charging Infrastructure for Electric Vehicles analysis tool
cyclic voltammetry
German Aerospace Center (Deutsches Zentrum für
Luft- und Raumfahrt e. V.)
DLR-Institute of Vehicle Concepts
(DLR-Institut für Fahrzeugkonzepte)
DLR-Institute of Solar Research (DLR-Institut für Solarforschung)
DLR-Institute of Engineering Thermodynamics
(DLR-Institut für Technische Thermodynamik)
DLR-Institute of Networked Energy Systems
(Institut für Vernetzte Energiesysteme)
DLR-Institute of Transport Research (DLR-Institut für
Verkehrsforschung)
DLR-Institute of Combustion Research (DLR-Institut
für Verbrennungstechnik )
Department of Energy, US government
demand response
Department of Electrochemical Energy Technology
electrochemical active surface area
Electrochemical Impedance Spectroscopy
Italian National Agency for New Technologies,
Energy and Sustainable Economic Development
Energie System Integration
Energy Storage Simulation
European Union
Institute of Energy Economics at the University of Cologne
ﬂexible platform for on-site demonstration of
Power-to-Fuel processes
fuel cell
Fuel Cell Cargo Pedelecs
Fuel Cells and Hydrogen Joint Undertaking
(EU public private partnership)
fuel cell power pack
Forschungszentrum Jülich
gadolinia-doped ceria layer
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GDL
GT
HGF
HIU
HT-PEM
IEA
KeMeNate
KIT
KOH
LIB
Li-S
LSCN
LST
LTO
MEA
Mg-S
MPA
NAP-XPS
NREL
OCV
ODA
OER
PAX
PCM
PEM
PEMEL
PEMFC
PoF
PtH
PTL
PtL
REMix
rSOC
SEI
SOC
SOE
SOEC
SOFC
STB
TEA
TES
TESIS
TRL
UV/VIS
VRE
VECTOR21
VPS
XPS
XRD
YSZ
ZAL
ZIRIUS
ZSW
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gas diffusion layer
gas turbine
Helmholtz Association (Helmholtz-Gemeinschaft
Deutscher Forschungszentren e.V.)
Helmholtz Institute Ulm
high temperature polymer electrolyte membrane
International Energy Agency
Kessel-Mehrkammeranlage für die Nanobeschichtungstechnologie
Karlsruhe Institute of Technology
potassium hydrate
Lithium-ion batteries
lithium-sulfur
La1-x-SrxCr1-yNiyO 3-δ
La0.1Sr0.9TiO3-δ
lithium titanate
membrane electrode assembly
magnesium-sulfur
Materials Testing Institute University of Stuttgart
near ambient pressure X-ray photoelectron spectroscopy
National Renewable Energy Laboratory, Golden, Colorado, USA
open circuit voltage
oxygen depleted air
oxygen evolution reaction
passenger
phase change material
polymer electrolyte membrane
polymer electrolyte membrane electrolyser
polymer electrolyte membrane fuel cell
strategic planning period of the Helmholtz Association
(Programmorientierte Forschung )
Power to Heat
porous transport layer
Power to liquid
Renewable Energy Mix for Sustainable Energy Supply
reversible solid oxide cell
solid-electrolyte interface
solid oxide cell
steam electrolysis
solid oxide electrolyser cell
solid oxide fuel cell
Department Energy System Analysis (DLR-TT)
techno economic assessment
thermal energy storage
DLR’s test facility for thermal energy storage in molten salts
technology readyness level
ultraviolet and visible light
Variable Renewable Energies
scenario and market analysis software for simulating future
vehicle markets
vacuum plasma spraying
X-ray photoelectron spectroscopy
X-ray diffraction
yttria stabilized zirconia
Center for Aeronautic Research (Zentrum für
Angewandte Luftfahrt Hamburg)
The Center for Interdisciplinary Risk and Innovation Studies
Center for Solar Energy and Hydrogen Research
Baden-Württemberg (Zentrum für Sonnenenergieund Wasserstoff-Forschung Baden-Württemberg)
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DLR at a glance
DLR is the national aeronautics and space research centre of the Federal Republic of Germany.
Its extensive research and development work in aeronautics, space, energy, transport and
security is integrated into national and international cooperative ventures. In addition to its
own research, as Germany’s space agency, DLR has been given responsibility by the federal
government for the planning and implementation of the German space programme.
DLR is also the umbrella organisation for the nation’s largest project management agency.
DLR has approximately 8000 employees at 20 locations in Germany: Cologne (headquarters),
Augsburg, Berlin, Bonn, Braunschweig, Bremen, Bremerhaven, Dresden, Goettingen, Hamburg, Jena, Juelich, Lampoldshausen, Neustrelitz, Oberpfaffenhofen, Oldenburg, Stade, Stuttgart, Trauen, and Weilheim. DLR also has ofﬁces in Brussels, Paris, Tokyo and Washington D.C.
DLR’s mission comprises the exploration of Earth and the Solar System and research for protecting the environment. This includes the development of environment-friendly technologies
for energy supply and future mobility, as well as for communications and security. DLR’s research portfolio ranges from fundamental research to the development of products for tomorrow. In this way, DLR contributes the scientiﬁc and technical expertise that it has acquired
to the enhancement of Germany as a location for industry and technology. DLR operates
major research facilities for its own projects and as a service for clients and partners. It also
fosters the development of the next generation of researchers, provides expert advisory services to government and is a driving force in the regions where its facilities are located.
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