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On the 26th of June 2017, the state minister Dr. Ludwig Spaenle, MdL, the mayor of Garching,

mal market design remain.

Dr. Dietmar Gruchmann and the president of TUM Professor Wolfgang Herrmann, opened
the new Centre for Energy and Information (Zentrum fur Energie und Information, ZEI). All
three emphasised the importance of energy research for the future development. The new
building is the new home for interdisciplinary energy research at the Technical University in
Munich and it is also home of the Munich School of Engineering.

Three new laboratories will offer a unique environment for the scientists at TUM to promote
new energy technologies. The new microgrid COSES will be a valuable testbed to develop
the distribution grid of the future and the organic PV lab and the battery lab will complement
these efforts. The Geothermal-Alliance Bavaria is also hosted in the new building.

The energy transformation is on the edge of entering a new phase. The cost of renewable
energies is competitive in many parts of the world by now. Questions of integration and opti-

The Munich School of Engineering has proven that interdisciplinary energy research is possible and offers unique oppor-
tunities for a university. The new building is like a clarion set in stone of the new energy age.

Munich School of Engineering (MSE)

The Munich School of Engineering (MSE) of the Technische
Universitat Minchen is an open platform for all researchers
and students at TUM to combine knowledge and visions for
the energy systems of tomorrow. The MSE bundles com-
petencies from TUM'’s faculties to develop comprehensive
research programs tackling as well fundamental as applied
questions in the areas of energy production, distribution and
storage. To ready upcoming generations of engineers and
scientists to respond to the challenges of tomorrow, pro-
grams on undergraduate, graduate and postgraduate (PhD)
level have been developed and are continuously refined.
Exceptionally talented students are equipped with a funda-
mental scientific tool box and an interdisciplinary mindset to
become the future leaders in energy research.

TUM.Energy is a cross-departmental research initiative within
the MSE, which offers a platform for the so-called “Green
Technologies”, in particular energy research in the segments
Electromobility, Power Plant Technologies, Renewable Energies,
and Energy Efficiency. These main topics are represented in
networks in which researchers of different departments are
working in detail on the challenges within these fields:

e The Geothermal-Alliance Bavaria combines interdisci-
plinary research strategies in order to strengthen deep
geothermal as a sustainable and controllable source of
renewable energy.

T

Thomas Hamacher
Director Munich School of Engineering

In the Center for Power Generation the efficiency and
the environmental sustainability of existing and future
power plants is increased and improved by modern and
innovative technologies.

The Network for Renewable Energy is doing research
in both, fundamental research in the field of new techno-
logies and materials as well as improvements of existing
technologies increasing their applicability.

The Science Center for Electromobility contains

a wide spectrum of topics from fundamental battery
research, development and design of electric vehicles as
well as future mobility concepts.

The Center for Sustainable Building is dedicating itself
to energy efficiency during the use of buildings and its
consideration during planning. Thereby not only technical
but also socio-ecologic aspects are integrated in urban
planning approaches.

The Combined Smart Energy Systems Center focuses
on modeling the interdependency of electricity distribu-
tion, heat and communication networks. The goal of the
center is to develop strategies for integrating extensive
distributed energy sources in the energy grid of the
future, the smart micro grid.
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TUTI

Second generation CO, methanation catalysts

Thomas Burger?, Franz Koschany®, Olaf Hinrichsen®

athomas.burger@ch.tum.de, Pfranz.koschany@ch.tum.de, olaf.hinrichsen@tum.de

The power-to-gas concept (Figure 1) is widely believed to be one approach

to deal with future challenges arising from increasing energy consumption
and depleting fossil energy carriers, at the same time limiting the emissions
of CO.. Based on the exothermic Sabatier process !, CO, is reacted with

H., which is supplied using electrolysis driven by surplus energy from i

renewables, to form synthetic natural gas (SNG). The produced SNG can H,

be stored in the existing natural gas distribution grid and used for heat grrwm

generation on demand. From the exothermal character of the reaction biogas,
(-165 kJ/mol), two basic catalyst requirements can be deduced: High =SS

activity, to gain high purity SNG at low temperatures, and high thermal
stability, to increase catalyst lifetime under reaction conditions. This study

deals with the improvement of a benchmark Ni/AlOy catalyst system with
respect to activity and thermal stability by metal doping.

SNG storage and distribution grid

Figure 1: Power-to-gas concept.

The catalysts were prepared by reverse co-precipitation at pH 9 using 1 M metal nitrate solutionsand a 0.5 M
mixture of NaOH and Na>CO3; as precipitation agent. After aging for 18 h at 30 °C, washing and drying, the
precursors were calcined at 450 °C for 6 h. A kinetic test setup was used to investigate the catalytic activity
by determining the CO» conversion in the temperature range between 175 and 500 °C at 8 bar using
stoichiometric feed gas composition. Data on the thermal stability was obtained from a second temperature
variation cycle after an aging treatment for 32 h at 500 °C and 7 bar.

m Benchmark N/AIO, ® M.-doped ® M, doped ® M +M-doped 1N€ impact of the dopants on catalyst activity and

112 N stability can be resolved by determining the
L - X(CO,) = 50 % - temperature necessary for 50 % CO2 conversion and
110+ . normalizing them to the benchmark catalyst system
\'; T (Figure 2). Doping with Ms results in a significant
ES 1.08 - . ] increase of the catalytic activity, while M> enhances the
"é 106 i i thermal stability. Most noteworthy, in the temperature
5 A - range from 175 to 400 °C, methane selectivity was
8104} 8 - higher than 99 % for all catalysts. By co-doping M1 and
TEB i : _— T M., catalysts with improved activity and thermal
5 1.02 i : m ] stability can be synthesized, with the catalytic behavior
Z 400k W i strongly depending on the promoter loadings.
0.98 — ' ' L Detailed characterization studies comprising N2
0.98  1.00 1.02 1.04 1.06 1.08  physisorption, H, and CO, chemisorption, X-ray
Normalized stability (-) photoelectron spectroscopy, X-ray powder diffraction
Figure 2: Promoter effects on the activity and thermal analysis and temperature-programmed reduction
stability of NIAIOx in CO2 methanation. contributed to gain insights into the state of the

promotors and structure-activity relationships. The main reason for the high activity of the Ms-promoted
catalysts is supposed to be caused by the formation of a NiO-M;O«-AlO structure, which leads to an improved
CO2> management during the reaction. In contrast, the improved stability under hydrothermal reaction
conditions observed when adding M. is attributed to the formation of a NiM. alloy phase.

1 P. Sabatier, J. B. Senderens, CR Acad. Sci. 1902, 134, 689—-691.

Thomas Burger, M.Sc., Technical University of Munich,
Chair | of Technical Chemistry, Lichtenbergstr. 4, 85748 Garching
www.tc1.ch.tum.de, Fax.: +49 (0) 89 289 13513
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TUTI

Modeling occupational disorder in LisTisO12 battery
materials: Intrinsic complexity and its effect on ion
mobility
Hendrik H. Heenen?, Christoph Scheurer®, Karsten Reuter®

ahendrik.heenen@mytum.de, °christoph.scheurer@ch.tum.de, karsten.reuter@ch.tum.de

Lithium-titanium-oxide (Li4Ti5012, LTO) is unigue among battery materials due to its exceptional cyclability
and high rate capability. This performance is assumed to derive at least partly from the occupational disorder
introduced via mixed Li/Ti occupancy in the LTO spinel-like structure. Notwithstanding, the exact atomic-scale
influence of this disorder on Li ion mobility remains an open question.

We explore the vast configuration space accessible during high-temperature LTO synthesis by Wang-Landau
sampling. Use of a numerically efficient, density-functional theory validated interatomic potential [1] allows for
extensive sampling in simulation cells large enough to appropriately capture the long-range disorder. The
determined configurational ensemble is indeed characterized by a large degree of microscopic
inhomogeneity. Subsequent room-temperature molecular dynamics simulations reveal the dominant fraction
of Li ions in this ensemble to be immobile on nanosecond timescales. However, certain disorder motifs give
rise to a novel correlated ion diffusion mechanism. We discuss this mechanism in the context of the evolution
and morphology of the so-called two-phase reaction appearing during Li intercalation [2].

[1] M. Vijayakumar et al., J. Power Sources 2011, 196(4), 2211
[2] M. G. Verde et al., ACS Nano 2016, 10, 4312

Chair for Theoretical Chemistry and Catalysis Research Center, Technische Universitat Minchen,
Lichtenbergstr. 4, D-85747 Garching, Germany
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TUTI

Perovskite: The new crystalline sheriff in the
photovoltaic county

Shambhavi Pratap?, Johannes Schlipf®, Peter Muller-Buschbaum®

ashambhavi.pratap@ph.tum.de, Pjohannes.schlipf@ph.tum.de, Smuellero@ph.tum.de

Silicon based technologies are a mature field which lead to many exciting applications, especially in the field
of electronics. Thus, it is not surprising that the photovoltaic market too is dominated by silicon based
modules, which offer good energy conversion efficiencies with long performance lifetimes. However, the
growing sophistication of upcoming architectures call for smarter, more versatile technologies which can
harness the solar energy not merely in a stand-alone, but rather an integrated fashion. The old reliable silicon
solar cell being bulky, rigid, opaque, thus is not the best candidate for such niche, urbane applications.

A novel class of materials, termed organometallic lead halide perovskites have attracted and inspired a
whirlwind of research in the photovoltaic community. Discovered only about half a decade ago [1], perovskite
based solar cells have established certified record photoconversion efficiencies of over 22%, justifying the
title of one of the most promising breakthroughs in the field today. Being solution processed, from earth-
abundant raw materials, their production process requires temperatures around 100-200°C, thereby making
their manufacturing considerably more facile as compared to silicon based solar cells. Owing to their strong
absorption properties, sub-micron thin films of the material are sufficient to capture incoming solar radiation,
as against silicon which requires 1000 times more material to absorb the same radiation. Calculations suggest
that perovskites photovoltaic technologies would help reduce the cost of generating solar energy, as much
as by three-quarters.

The properties of these perovskites are highly tunable by simple
compositional engineering giving rise to colorful, semitransparent solar
cells. Tandem solar cells maybe designed with such tunable materials
harnessing a larger part of the solar spectrum. However, there is a caveat
to this promising material, which is responsible for hindering the
commercialization of the technology. The perovskites have poor stability
due to changes that their structure undergoes.

In order to understand
and control these Figure 1: Semitransparent,
changes, the crystal  coiorful perovskite thin films
structure and thin film

morphology was probed

with the aid of advanced x-ray scattering techniques. It was
demonstrated that a high degree of control over crystalline
structure and morphology can be exercised with rational
chemical control [2,3], which give clues towards stabilizing
perovskites and help make their commercialization a reality

Figure 2. Changing morphology of perovskite  jn market today.
crystals probed by grazing incidence wide angle x-

ray scattering (GIWAXS

References:

[1] A. Kojima, et al., J. Am. Chem. Soc., 2009, 131 (17), 6050-6051
[2] L. Oesinghaus et al., Adv. Mater. Interfaces 2016, 3, 1600403
[3] Giesbrecht et al., ACS Energy Lett. 2016, 1, 150-154

TU Minchen, Physik-Department, Lehrstuhl fir Funktionelle Materialien
James-Franck-Str. 1, 85748 Garching
www.functmat.ph.tum.de, Fax.: +49 (0) 89 289 12473
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TUTI

Simulation and optimization of open algae ponds

Andreas Rarrek?, Sebastian Rehfeldt®, Harald Klein®

aandreas.rarrek@tum.de, Psebastian.rehfeldt@tum.de, °harald.klein@tum.de

Motivation

Renewable energies already have a significant share in the world’s energy production and it will get even
bigger in the future. However, their part in the transport sector is low, because this sector needs energy that
is stored with a high density and can easily be handled. Biofuels are a very good option to bring renewable
energy into conventional tanks. One option to get biofuels is to grow algae in large open ponds. The algae
consume CO: to increase their biomass and can then be converted to biofuels. Although growing algae in
open ponds has been done for decades, there is still a lot of research necessary how to efficiently grow algae
in large systems in order to produce biofuels.

Simulation model

15.0 This work presents a model that simulates the
i /74 behavior of open algae ponds. The model is written
12.5¢ from scratch in MATLAB and can be used to evaluate
100k %//( the performance of raceway-type open algae ponds at
r 0\ different locations and dates. The model is fully

: dynamic and considers environmental effects like
weather as well as the dynamic behavior of the pond.

Yield in g/(m? day)

—e— Simulation The model was validated with experimental data from
—@— bxperiment| | @ 450 m*-raceway algae pond, which was located in
Malaga (Spain) and operated for 10 month. The
simulation covered the real weather effects of the
experiment as well as the behavior of the algae
Spirulina platensis, which was grown.

0.0t

October [~
November [~
December [~

January [~

February

March [~
April [~
May [~
June [~
July

Investigations
The yield of ponds at different locations are evaluated

I \ I I I 50

over the year. Multiple operating conditions of the ”g 10501 —— Algae Growth Rate
algae ponds are varied and their effect on the yield is = ——  Solar Radiation .
evaluated. The ponds are fed with flue gas as CO, £ 850 ——  Algae Concentration | |40 8
source. The CO: is the carbon source for the algae 5 | /‘ £
and is also used to keep the pH-value in a desired & a 430 2
range that is optimal for the algae growth. & 4sof £
The harvest rate shows a strong influence on the & do0 £
yield of the ponds. Adjusting the harvest rate to the & 250 E
summer and winter conditions improves the yield at & 5, 3
some locations significantly. Operating the algae o 10 9
pond over the whole year is not reasonable at all = 45| ~— <
locations, because at some locations the major g — 0

I 044
contribution to the total yield is obtained in 2/3 of the e 0.43

year. 00 03 06 09 12 15 18 21
In general, the yield of an algae pond can be Hour of day

increased significantly by systematic investigations

with this simulation model.

Institute of Plant and Process Technology
Boltzmannstr. 15, 85748 Garching
www.apt.mw.tum.de, Fax.: +49 (0) 89 289 16510
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TUTI

The Hybrid Transmission Grid Architecture:
A Topology-Preserving Capacity Expansion Strategy

Matthias Hotz?, Wolfgang Utschick®

amatthias.hotz@tum.de, Putschick@tum.de

The energy transition in Germany entails a shift towards an increasingly distributed and fluctuating energy
production due to the growing use of wind, sun, and biomass as energy sources. These changes in the energy
mix further lead to a geographic shift of power generation, inducing a growing energy surplus in the north and
an energy demand in the south of the country. This transformation of generation structure renders capacity
expansion of the German transmission grid a key issue of the energy transition. Adequate expansion
measures are determined jointly by the German transmission system operators and the Federal Network
Agency via a multi-stage process. Throughout, the proposed measures are repeatedly subject to consultation
and public debate to ensure validity and acceptance. The current expansion plan identifies four new high-
voltage direct current (HVDC) transmission lines as a necessary countermeasure for the north-south
generation imbalance. While these HVDC lines are virtually the transmission backbone of the energy
transition, they also constitute the primary subject of objection during consultation and public debate.

In our work, we explored alternative approaches to capacity expansion that rely on existing transmission
corridors to foster public acceptance, which resulted in the concept of the hybrid architecture. The hybrid
architecture also takes advantage of HVDC technology, but adopts a different perspective in its utilization.
While the current expansion strategy uses additional HVDC lines as a focused measure against the north-
south imbalance, the hybrid architecture comprises a systematic and system-wide conversion of certain
existing AC lines to HVDC, i.e., it is environmentally minimally invasive. The conversion to (VSC) HVDC
enables a line capacity increase by a factor of two or more and, additionally, introduces controllability to the
line power flow as well as reactive power support at the terminals. Therewith, the system-wide conversion of
certain lines does not only selectively increase line capacity, but also introduce substantial flexibility to the
grid, which can be vital to handle, balance, and distribute the fluctuating power injections of RES.

N7
<
AN

/.\\'I'\./Q‘
\‘ .\. 1
) /\. /'\. /

[

HVAC =+ HVDC

1
® ®

Selective conversion:

We have shown that the hybrid architecture can not only increase the effective transmission capacity, but
also induce a transition in system structure that supports an efficient operation. For example, the hybrid
architecture gives rise to an efficient optimal power flow (OPF) method. Its structural properties enable a shift
of the nonconvex OPF problem into the convex domain, which renders it amenable to efficient solution
algorithms as well as a powerful framework of mathematical theory. Due to this, resorting to simplified system
models like the “DC power flow” becomes largely unnecessary, enabling more accurate decision making.
Furthermore, the flexibility in power flow induced by the hybrid architecture facilitates a more effici-ent
utilization of generation facilities that can reduce total generation costs and mitigate trading restrictions. In
our current research, we investigate the potential of this hybrid architecture as an alternative capacity ex-
pansion strategy for the German transmission grid. By preserving the existing grid topology, this approach
fosters public acceptance of capacity expansion measures and, therewith, the energy transition as a whole.

Professur fir Methoden der Signalverarbeitung
Theresienstrasse 90, 80333 Minchen
www.msv.ei.tum.de, Fax.: +49 (0) 89 289 28522
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TUTI

High Pressure Evaporation Rig for the Investigation of
Stationary and Transient Heat Transfer Phenomena

Gschnaidtner, T.2; Kohlhepp, A.P; Schatte, G. A.°

at. gschnaidtner@tum.de, Pandreas.kohlhepp@tum.de, °gerrit.schatte@tum.de

Heat transfer to supercritical water in heated tubes and channels is of particular importance for steam
generators in future concepts of nuclear and solar-thermal power plants. The main objective of these future
nuclear and solar-thermal power plants is to achieve an increased thermal-efficiency. Moreover, as more and
more electricity generated by renewable, volatile energy sources is fed into the public grid, existing as well
as new supercritical power plants are facing the problem of a more flexible operation mode in order to sustain
the security of supply. To tackle this issue it is necessary to expand their range of operation parameters,
leading to off-design conditions in their steam generators. Although investigations on supercritical heat
transfer in tubes have been conducted by numerous researchers, the corresponding heat transfer
mechanisms are still indistinct.

Hence, a new experimental facility, the High Pressure Evaporation Rig HIPER, engineered, constructed and
commissioned at the Institute for Energy Systems aims to provide heat transfer data to fill the existing
knowledge gaps at these conditions. The test rig is schematically shown in Figure 1. It consists of a closed
loop high pressure cycle, in which de-ionized water is fed to a vertical test section. The test section is a 15.7
mm x 5.6 mm smooth tube, which is heated over a length of 7000 mm by means of direct current (1 MWy). It
is designed to withstand a maximum pressure of 380 bar at 580 °C. 70 thermocouples distributed evenly
along the heated length of the test section enable the investigation of heat transfer phenomena at stationary
and transient conditions.

In a first series of tests, experiments are conducted to provide data on heat transfer under vertical upward
flow conditions (see Figure 2). Selected stationary as well as transient results on the heat transfer to
supercritical water are presented. In addition, the obtained data are compared to existing models from the
literature.
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Reaching climate goals requires companies to switch from fossil fuels to renewable energy. While this switch
is regularly considered a financial burden, combining the business operation with a renewable energy source
in a hybrid energy system may entail valuable synergies from reduced energy cost. At the same time,
operators of renewable energy sources, such as wind and solar, find their market value decrease with their
increasing share of power generation. The effect is due to similar weather in an area causing concurrent
power generation, suppressing market prices at a given demand. Combining a renewable energy source with
a business operation in a hybrid energy system may entail valuable synergies from price arbitrage.

We call the combination of a renewable energy source with an energy consuming operation (a production or
service) a hybrid energy system. Both energy systems require upfront capacity investments to deliver the
product or service. They can be installed stand-alone and may succeed or fail to be cost competitive. For an
investor, the fundamental question then is when a hybrid energy system is valuable over and above two
stand-alone energy systems.

We show analytically that a company should invest in both systems if the combination yields synergistic value.
In case of a stand-alone negative net present value of either or both energy systems, the hybrid energy
system has synergistic value if the synergies overcompensate stand-alone loss(es). Our results seem trivial
if synergies are constant, but here the synergies are limited and vary over time because of intermittent
renewable energy and fluctuating energy prices. These variations are typical for a particular technology in a
particular market and determine an optimal ratio of the energy producing and consuming capacity sizes. Our
model can thus pin down a rule-of-thumb for the optimal ratio of capacity sizes for each technology-market
setting.

We apply the model to wind energy and Power-to-Gas (PtG) in Germany and Texas, two jurisdictions with
rapid wind growth and different market structure. PtG is the conversion of electricity to hydrogen through
water electrolysis and considered a suitable complement for intermittent renewable energy sources because
of its dynamic operation and the renewably produced hydrogen for energy storage (Sterner and Stadler,
2014). We find that a wind-PtG hybrid energy system fails to have synergistic value today, in a sense that
hydrogen production from renewable energy is not cost competitive with hydrogen production from fossil
fuels. However, estimating learning curves and market development, we find that PtG may become cost
competitive in combination with wind within the next decade. We also find that a feed-in premium for
renewable energy, like in Germany, reflects a high opportunity cost for renewable energy conversion and
thus prevents hybrid energy systems. We suggest reconsidering the feed-in requirement to enable the
industrial decarbonization and reach climate goals.

Keywaords: renewable energy, hybrid energy systems, decarbonization, power-to-gas

Technische Universitat Minchen, TUM School of Management
Lehrstuhl fr Controlling, Arcisstr. 21, 80333 Mlnchen
www.wi.tum.de, Fax.: +49 (0) 89 289 25807
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A decarbonized energy system is a key challenge on the path towards sustainability. Sustainable energy
systems involve renewable energy sources that are characterized by a lack of temporal and spatial
consistency. Battery storage systems can offset this intermittency, facilitate the integration of electricity from
renewable sources, and enhance decarbonization — but they are still expensive technologies. Innovative
business models can improve customer value and foster the diffusion of such systems. However, there is a
lack of understanding on how to design appropriate business models for storage systems.

This study aims at analyzing relevant business model components for battery storage systems. We implement
a choice experiment building on a model by Walker and Cass (2007). As Figure 1 shows, our framework
consists of technology, economic factors, an implementation concept (i.e., residential vs. joint community
systems), ownership mode, autarky levels, control and provision of grid services, and the partner company.
Technology is defined as storage systems based on lithium-ion batteries.

_ | owner. control We_conducted an onlin_e survey in German_y
Ec%r;?g:;c 'mp'irgfféﬁtt'on ship | Autarky | and grid ngqrg;er{y during March and April 2016. Our analysis

mode services samples German adopters of a photovoltaic
system (n=752) and interested non-
adopters (n=84). In the choice experiment
respondents had to choose among different battery storage systems (see Figure 2). We estimate a mixed
logit model and present willingness to pay estimates for the business model components.

Technology

Almost 70 percent of the sample indicated willingness _ ) :
e ays Option A Option C Option D

to purchase a system. Consumers prioritize cheaper :
systems and short payback periods. We find differing  gyeam- = - ¢ In your house neldhbormood
preferences as regards the concepts. Some end-

. . . . . 12.000 € one-time 85€ per month
users value residential and some joint community  coete ana payment for 10 years
battery systems. Consumers prefer ownership over  ownership mode Ownership Use rights
use rights. End-users desire autarky of 75% and : I don't choose
higher. These findings extend recent research into  Payback period 18 Years - P
autarky and confirm its importance. Consumers want  average level of autarky 100% 75% options.
assured control, but prefer full automation over low fegarding electricity
levels of control. We find support for business models S & Provision oo | Fere e
that use storage systems as a means to contribute to 5o companies tomioe ereatiote | Reatonat etecti
grid operation. As regards operators, we find market ~ (s.g.maintenanceana | T LLE Bl R
opportunities for regional providers and cooperatives
to control and maintain systems, but also for third- 'cheese LA e Qo

party operators, automotive or battery manufacturers.

Our study offers an informative foundation for policy makers and businesses to drive innovation in the field of
energy storage. Potential for the residential and community storage concept with joint usage is found. Hence,
possibilities for collaborative business models and resource sharing in the energy sector exist. The study’s
results can assist in creating customer-focused business models and diffusing storage systems. Collaborative
business models could foster joint community systems and an orientation away from household-scale
solutions to resource-sharing — indicating a step towards sustainability. Furthermore, simultaneous use of
end-user and grid applications can provide financial benefits for parties involved.

Chair of Marketing and Consumer Research, Alte Akademie 16, 85354 Weihenstephan
www.mcr.wi.tum.de, Fax.: +49 (0)8161 4501
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TUM Campus
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Sustainability is currently not only an extremely fashionable term, but also politically of great interest. To
achieve sustainable development, the three pillars ecology, economy and society must be equally balanced.
At present, economy runs mainly on burning fossil fuels. Therefore, the reconstruction of the energy sector
has a key role in transforming society into a COz-neutral resp. sustainable one. The TUM Campus Garching
has a high energy demand with time sequences typical for commerce, trade and service sites. Combined
with its own energy supply system of fossil fuel power plants and grids, the campus represents an ideal test
field for the transformation of a complex energy system. Based on various energy demand and CO- emission
reduction scenarios this talk aims to encourage an interdisciplinary discussion on achieving a good trade-off
between ecology and economics by demonstrating different future energy supply scenarios.

With more than 15,000 students and 3,500 employees the TUM Campus Garching is already ranked among
the biggest university sites in Germany. If the rapid growth of previous years pertains, regardless of CO-
emissions a realignment of the outdated energy supply is indispensable. Currently, the Campus Garching
has an annual electricity and heat demand of 73 GWhe resp. 68 GWhy,. A flexible gas turbine cogeneration
plant, a 3.9 MW, and 7.2 MWy Cheng Cycle, covers about half of the electricity demand and together with
two 18.5 MW, gas boilers the complete heating demand on-site. The remaining amount of electrical energy
is delivered by an external energy supply company. The cooling demand must be calculated due to the lack
of measured data. The estimated 14 GWh of final cooling energy are provided by a combination of absorption
chillers, electrical driven compression chillers and numerous split-system air-conditioning units.

To supply the future energy demand entirely on-site while simultaneously decreasing the specific primary
energy requirement and emissions, the share of renewable energies and highly efficient cogeneration must
increase. Therefore, especially low carbon state-of-the-art technologies, e.g. photovoltaics, gas engine
cogeneration plants and geothermal heat, are considered as well as promising innovative technologies like
fuel cell cogeneration plants such as solid oxide and molten carbonate fuel cells, “Naturwarmespeicher”, etc.

The deployment of the considered technologies for a given energy demand is assessed by the optimisation
tool URBS. This integer linear programming model calculates the most economic power system, that covers
the electricity, heating and cooling demand as well as fulfils prescribed boundary conditions such as CO»
emission limits at any point in time.

First results indicate that CO, reduction does not necessarily contradict with profitability. Except for very strict
CO; limit values the annual total costs of the computed power systems are lower than the costs for the existing
energy system. At current prices for CO2 emissions, that are presently at the lower end of the range (with
ca. 5 €/t), no direct incentive for CO2 reduction is present and a trade-off between economic and ecological
aspects must be made for the selection of the most sustainable energy systems. The goal is to set out different
low carbon energy supply systems, that are resilient to changes in fuel costs, energy demands, CO- costs,
etc. In view of the research mission of the university particular attention is payed to innovative technologies.
By implementing these technologies, the TUM Campus Garching could contribute not only to the reduction
of CO- emissions, but also to the possible breakthrough of an innovative supply technology.

Chair for Energy Systems, Boltzmannstr. 15, 85748 Garching
www.es.mw.tum.de, Fax.: +49 (0) 89 289 16271
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The Energy Performance of Buildings Directive 2010 calls for the Nearly Zero Energy Standard for new
buildings from 2021 onwards: Buildings using “almost no energy” are powered by renewable sources or
energy produced by the building itself. For residential buildings, such an ambitious new standard has already
been reached, but for other building types this goal is still far away. These building types make up only a
small part of the annual volume of new construction but consume a relatively large amount of energy which
cannot be covered by building and property-related energy generation. One of the most critical building types
is the laboratory. Due to strict safety regulations, efficiency increases are difficult to implement. Nevertheless,
laboratory buildings have great potential for reductions in energy consumption.
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Figure 1: Primary energy balance (Q’pne (KkWh/m?a)) of the case study laboratory building balanced with
stepwise measures of efficiency, consistency and sufficiency (own representation).

This presentation shows the results of a study, which investigated a combination of measures from the areas
of efficiency, consistency (renewable energy sources), sufficiency (user requirements) and coexistence
(neighbourhoods). The main aim was to analyze the potential of these measures to support the realization of
Nearly Zero Energy laboratory buildings. In terms of non-renewable primary energy demand laboratories can
be improved by considerable 55% compared to a reference building according to DIN V 18599. For the Nearly
Zero Energy Standard, as it is defined in this research on the basis of a data analysis of non-residential
buildings, this is not sufficient. A case study will be presented that shows, that a Nearly Zero Energy
Laboratory can be achieved virtually by including sufficiency and coexistence in an optimized way. However,
these measures must be individually investigated and applied for each project and need the agreement and
support of all involved parties.

Institute of Energy Efficient and Sustainable Design and Building
Arcisstrale 21, 80333 Munich
www.enpb.bgu.tum.de, Fax.: +49 (0) 89 289 23991
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Controlling the nano-morphology of inorganic thin
films for efficient solar energy conversion
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The conversion of light into electricity is an indisputable promising option to tackle future energy supply
shortages. Nowadays, standard devices to harvest this clean and abundant energy are commonly based on
silicon (Si). With efficiencies exceeding 26% the market share to electricity generation is continuously
increasing. Within this frame, the so-called energy payback time is of major importance when it comes to
domestic and industrial applications. Since the fabrication of Si solar cells is a rather energy consuming
process and the efficiency is very much dependent on the specific geographic circumstances, the energy
payback time of such devices is still improvable. Furthermore, the rigid and heavy character of this type of
devices complicates the integration into buildings. Current research aims to overcome the above mentioned
first-generation challenges via the research of so-called third generation solar cells.

Among those third generation solar cells inorganic-organic hybrid
photovoltaics (HPV) face these challenges through combination
of the advantages of both organic and inorganic materials. The
inorganic material acts as a framework, which inhibits
morphological degradation and contributes high charge carries
mobility. In addition, the organic counterpart offers the possibility
for large scale/low cost processability and flexibility. Thereby, the
overall energy consumption during the fabrication can be
reduced, which then leads to a reduced energy payback time [1].
Figure 1: Morphology of a hybrid solar cell Likewise, the integration into buildings is facilitated through the

characterized via grazing incidence small possibility of thin film printing or spray-coating of such devices.
angle X-ray scattering

Nevertheless, there is a vast range of possible candidates for
inorganic components, which must fulfill several conditions to be suitable for a HPV device. Primarily, the
possibility of infiltrating the layer with an organic hole-conducting material must be assured. Therefore, precise
control over the degree of porosity and pore sizes on the nano-scale is of major importance. One promising
pathway to build up such an inorganic framework consists of a polymer-templated sol-gel chemistry, which
allows for the synthesis of high surface-to-volume ratio thin films.

ol
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Figure 2: Nano- structured germamum thin f|Ims for hybrld photovoltalc appllcat|ons with varying ratio of temp ate to
precursor

On this basis, a novel technique was established to control the nano-morphology of inorganic germanium thin
films and, thereby, introducing a broad range of new possible material systems for HPV applications.

[1] Darling et al., RSC Adv. 3.39 (2013): 17633-17648

TU Minchen, Physik-Department, Lehrstuhl fir Funktionelle Materialien
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The usage of fossil fuels has led to increased levels of greenhouse gases, which in turn result in devastating
meteorological phenomena. Indications of this imminent change in global climate have, over the past years,
been responsible for an increased interest in techniques for power generation based on renewable energies.
Solar cells possess the ability to convert visible solar radiation into electrical power. While they are already
highly efficient and have been implemented in daily life, it is also feasible to think of alternative ways of
harvesting energy. Heat is lost in almost all processes which occur in daily life, which is evident looking at the
heat production in the human body or in combustion engines in cars. It is desirable to transform this low-
quality form of energy into high-quality energy in the form of electrical power.

Thermoelectric materials are able to generate an electrical voltage upon application of a temperature gradient
along the material. The gradient leads to a flow of charge carriers from the hot to the cold side and therefore
to an imbalance in the charge distribution. The occurring thermovoltage or Seebeck coefficient (S), along with
electrical (o) and thermal conductivity (k) can be put into the following equation for the temperature-dependent
figure of merit ZT, which directly correlates to the energy conversion efficiency at a given average
temperature: ZT= (0S2/K)T.

Although inorganic thermoelectrics based on elements such as Te, Se, Pb, Bi, As, etc., exhibit high values
for ZT, the price, low abundance, potential toxicity and environmental concerns regarding the raw materials
have impeded the large-scale application for heat conversion.

Using the electrically conducting polymer blend PEDOT:PSS, we want to overcome the limitations of
inorganic thermoelectrics, by making use of the high abundance of raw materials, facile solution-based
processing and lowered toxicity. In literature, many different procedures for improving the electrical
conductivity, usually by treating thin films with high-boiling solvents or other chemical agents, have been
shown [1].

In our approach, we wish to tune the thermoelectric parameters, especially the thermal conductivity, by means
of nanostructuring using inorganic nanoparticles. While maintaining a high electrical conductivity it should
reduce the thermal conductivity through phonon scattering. We are able to fully characterize the polymer films
regarding their thermoelectric properties, by using standard techniques for determination of S and ¢ and IR
thermography for determination of k. This enables the calculation of ZT values for PEDOT:PSS thin films. In
addition, we performed resonant tender x-ray scattering (R-TeXS) experiments on the PEDOT:PSS/Si-NP
composite films using synchrotron radiation energies close to the sulfur K-edge. Using the contrast variation
capabilities of this technique, we are able to devise a structural model and attempt to correlate this with the
thermoelectric properties of the composite films [2].
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The great urgency of finding new energy sources resulted in an upsurge in the electrocatalysis and battery
research. However, optimization and improvement of various energy conversion and storage systems require
a better understanding of the electrochemical processes limiting their performance. Thus, further
development of new in-situ characterization methodologies is of great importance. One of the methods
providing a deeper insight into the electrode/electrolyte interface processes is the laser induced current
transient (LICT) technique. This technique can be easily combined with other commonly used methods (i.e.
cyclic voltammetry, electrochemical impedance spectroscopy and electrochemical nanogravimetry),
providing a powerful tool for detailed characterization of various systems.

The LICT method utilizes the so-called temperature jump effect.! The rapid illumination of the electrode
surface results in an increase in its temperature directly influencing the inner Helmholtz plane of the electric
double layer.? As a consequence, one observes current transients whose sign, in the simplest case,
corresponds to the sign of the excess electrode surface charge. The LICT is also a relatively simple technique
of evaluating the potential of maximum entropy (PME) and, closely related to it, the potential of zero charge
(PZC)- the fundamental properties of the electric double layer.

We present for the first time the results of the in- -6

0.25 M Na,SO,

situ LICT technique implementation for battery
systems investigating NazNi [Fe(CN)g] thin films
as model electrodes. Surprisingly, the electrode
surface charge stays positive within the whole
potential range of intercalation/de-intercalation
of sodium (Figure 1) and potassium cations from
aqueous media. This indicates that the
complexity of intercalation mechanisms of alkali
metal cations into the films might be over-
simplified. Further, we demonstrate the influence
of the electrolyte pH on the net charge of the
Pt(poly) electrode surface. Apparently, the
behavior of the system is not only governed by
the concentration of H* cations but also by the
metal cations present in the electrolyte.

(1) Smalley, J. F.; Geng, L.; Feldberg, S. W. Evidence for adsorption of Fe(CN)e*# on gold using the indirect
laser-induced tempertature-jump method. J. Electroanal. Chem., 1993, 356, 181-200.

(2) Garcia-Araez, N.; Climent, V.; Feliu, J. M. Evidence of Water Reorientation on Model Electrocatalytic
Surfaces from Nanosecond-Laser-Pulsed Experiments. J. Am. Chem. Soc., 2008, 130, 3824-3833.

Physics of Energy Conversion and Storage, Physik-Department Technische Universitat Minchen,
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Thermoelectric generators are a promising approach in renewable energies, as they are able to convert waste
heat into electricity. Possible applications are large scale applications like recovering the waste heat of a car
engine as electricity as well as niche applications like using the heat emitted by human skin to drive a watch.[1]

Thot

Y In practice, a thermoelectric generator traditionally

v S m‘ Gatr consists of a p- and an n-type semiconductor electrically
d b . e o . S connected as shown in Fig. 1.

Wy ™ — ; In order to put the device into operation, a temperature

s I “'h —_— s 8 gradient is applied along the legs. As a consequence,

__3-_,"_'1’ _‘LLK’ I charge carriers, i.e., h_oles in_ the p-type and electrons in

vd W, ~CHiz  the n-type leg, respectively, diffuse from the hot to the cold

P(NDIOD-T2)

Gt side. This diffusion current causes a build-up of charge at
_ , ] . L the cold end that can be extracted by connecting a load.
Figure 1: Sketch of a thermoelectric generator and the All i I th lectri tor i ble t rt
chemical structure of the investigated n- and p-type in aill, a erm_oe e_C re gene_ra or 1S able 1o convert a
polymers next to the respective leg (modified from [2]). temperature gradient into electric energy.

To build high efficiency thermoelectric devices, suitable thermoelectric materials are needed. Unfortunately,
state-of-the-art thermoelectric materials have the drawback of using toxic or less abundant constituents,
making it necessary to look for alternatives. One promising approach to overcome such challenges is to use
conjugated polymers. They have the encouraging ability of easy and various types of scalable solvent
processes like roll-to-roll printing. Although they are still less efficient than their inorganic counterparts, their
potential flexibility and eco-friendliness make them a valuable alternative.

Various, especially p-type, conducting polymers have been investigated as thermoelectric materials. A very
promising candidate among them is the hole-conducting PEDOT. Unfortunately, n-type polymers have rather
been neglected which might stem from their low stability towards oxygen and moisture. Nonetheless, both
types are needed for a thermoelectric device as explained before. Therefore, we also focus on the thermo-
electric properties of the n-type polymer P(NDI20D-T2). Its successful application to transistors [3] and solar
cells [4] encourages an auspicious attempt in building an all-polymer thermoelectric generator. Both polymers
which are investigated in our group are shown in Fig. 1 next to the leg where they are of potential use.

The main focus of this work is to enhance the so-called power factor pF = o - S2 where ¢ is the electrical
conductivity and S is the Seebeck coefficient. As already indicated by its name, the larger the power factor
the larger the power output and subsequently the efficiency of
the device.

Therefore, we successfully doped P(NDI20D-T2) with an
organic small molecule which can even be seen in a color
change depicted in Fig. 2. The experiment resulted in a

_ nent — &4
maximum power factor of (1.2 + 0.08) ulWW K Zm~L. Figure 2: Color change of polymer upon doping
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Organic light emitting diodes (OLED) are an interesting alternative to conventional lighting techniques as the
significantly reduced operation power enables large energy savings. Given the amount of energy spent in
lighting such type of new technology would significantly contribute to a reduction in energy consumption.
OLEDs are based on thin film technology and enable transparent and flexible devices. During the last years
their initial main problem, a limited lifetime, was overcome which allows
commercial use. However, still some improvements are necessary.
OLEDs are reaching inner quantum efficiencies close to 100%, but the
overall efficiency of conventional devices is limited to about 20% mainly
by the photon extraction. The other photons are either trapped in
substrate and organic modes or are subjected to internal total reflection
and finally get absorbed.

One approach to overcome this issue is the implementation of an
additional scattering layer into the device. This layer can either be
created by a direct surface structuring or the introduction of an
additional transparent layer. ZnO is a suitable choice for the latter due
to its transmittance in the entire visible spectrum, caused by its direct
optical band gap of 3.3eV. This scattering layer is inserted between the transparent substrate and the devices
bottom electrode. This architecture means either using the ZnO layer as an electrode itself by building an
inverted OLED or using an ITO-free device on top. The scattering layer is deposited via spray coating directly
on a glass substrate. The micro- and nanostructure of ZnO can be adjusted by combining a structure-giving
diblock copolymer with sol-gel chemistry, the insertion of polymer nano spheres as well as variations during
the calcination step.

Figure 1: Sample flexible OLED by
Schott [1]

Figure 2: SEM images of three differently prepared ZnO layers

The OLED itself is based on the simple standard architecture using the commercially available emitter Super
Yellow, featuring the addition of additional transporting layers to improve the efficiency as well as being ITO-
free. It is investigated how different structuring and thicknesses of the scattering layer influence the angular
resolved transmission of light. Furthermore, it is researched if the addition of a scattering layer into an OLED
leads to changes regarding the |-V curve as well as the external quantum efficiency.

[1] http://lwww.schott.com/newsfiles/com/foto_tesa_oleds_bildschirm.jpg
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Silicon and germanium are of great interest as anode materials for lithium ion batteries due to their large
theoretical energy densities. Germanium is less abundant but stands out due to its two orders of magnitude
higher lithium ion diffusivity and four orders of magnitude higher electronic conductivity than silicon.™

Herein we report a straightforward synthetic route to inverse opal structured Ge anodes for lithium ion
batteries starting from the soluble binary alloy KsGey. The presented method mvolves controlled coupllng of
[Geo]* clusters in a poly(methyl methacrylate) (PMMA) scaffold.
Based on a synthetic protocol developed before for thin film
solar cells on a wide variety of substrates (silicon, silica,
sapphire, FTO, ITO)? we now designed Ge films on copper
substrates to be used as electrodes and performed
electrochemical measurements to investigate their cycling
performance and rate capability.

Morphological analysis of the obtained films by scanning
electron microscopy (SEM) displays the formation of ordered
mesoporous networks. The prepared electrodes show high
capacities and capacity retentions and outstanding rate s ok i J
capabilities. The very high capacity retention after a small initial ~ Flgure 1: SEM micrograph of a Ge film on a
capacity fading makes them promising candidates for long life ~ ¢OPPer substrate.

applications[. ]The very simple preparation method theoretically allows for easy up-scaling and industrial-scale
application.®
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Hybrid solar cells, a combination of conventional inorganic and organic photovoltaic systems, offer
outstanding potential due to their minor investment compared to inorganic solar cells and higher stability
compared to organic solar cells. In this kind of cells, nanostructured inorganic metal oxides with tunable
morphologies are of great importance. Among the inorganic metal oxides, ZnO has been widely explored due
to its outstanding electrical and optical properties and rich variety of morphologies. To date, many different
routes towards ZnO nanostructures have been reported, such as hydrothermal synthesis, metal—organic
chemical vapor deposition and so on, of which sol-gel process is one of the most widely used methods in
solar cells due to the production of a homogeneous material and fabrication of ceramic coatings from solutions
by chemical means. However, the structures obtained by the sol-gel process are limited, regarding both
morphologies and structure sizes. A possible way to improve the film structure is to introduce amphiphilic
block copolymers into sol-gel process. The hydrophilic and hydrophobic polymer blocks of amphiphilic block
copolymers are covalently bound, which could modify the interface of ZnO. Unlike the traditional diblock
copolymer, in the present approach we make use of a new functional block copolymer PEO-b-P3HT. In the
PEO block the ZnO phase is synthesized and the P3HT block can be used directly as the hole transporting
layer.

GISAXS is a powerful analysis tool, which could detect the nanostructure inside thin films. Moreover, SEM
and AFM detect the surface morphology of the composite films. The optical properties are examined with
UV/Vis spectroscopy and the thickness is investigated by profilometry measurements.

EB= P3HT ™

® ZnO
=~\_ P3HT-b-PEO

Without P3HT-b-PEO With P3HT-b-PEO

macrophase seperation microphase seperation

Figure 1: Scheme of the sprayed samples and the SEM images of the prepared composites.
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Hybrid organometal perovskites, which are of the form ABX3, where A is an organic cation (most commonly
CHsNHs3), B is a divalent metal ion (like Pb or Sn) and X is a halide (or a mixture of halides), have been shown
to be great candidates for photovoltaics, owing to the strong absorption, and high mobility and diffusion length
of photo-generated charge carriers. Subsequently, solar cells employing perovskite thin films have reached
efficiencies of more than 20% [1], making them comparable with commercially available silicon solar cells.
Perovskites offer huge versatility and tunable properties by modifying the cation, metal, and halide
components. Solution processing can be used to achieve low-cost manufacturing of these solar cells. Despite
all this, such cells have stability issues against humidity and UV light, are not reproducible, and contain toxic
materials.

The performance of perovskite solar cells greatly
depends on their crystal morphology, which in turn
seems to be affected by the preparation route adapted.
We focus here on the composition methylammonium
lead iodide (CH3sNHsPbls). We follow the commonly
advocated one-step and the two-step method
approaches for perovskite synthesis. The one-step
method used involves mixing lead iodide and
methylammonium iodide (MAI) in a mixed 4:1
Figure 1 Scanning electron microscopy images showing ~ DMF:DMSO solvent [2], and adding chlorobenzene as
diffeences in the 1-step vs 2-step prepartion methods an anti-solvent during spin-coating of the perovskite

layer. The two-step method has lead iodide and MAI
spin-coated on the sample, one after the other, wherein some delay is introduced in the second step between
adding the MAI and starting the spin-coating process (usually referred to as “loading time”) [3]. All samples
are annealed after spin-coating.

We vary the annealing time, annealing temperature and the loading time of these methods and study the
differences in the resulting perovskite by means of UV-Vis spectroscopy, photoluminescence measurements,
scanning electron microscopy (SEM), X-ray diffraction (XRD) and grazing incidence wide angle X-ray
scattering (GIWAXS). After optimizing these parameters based on the results from our measurements, we
focus on building solar cells of the architecture FTO/planar
titania/perovskite/spiro-OMeTAD/gold. The best performing solar cell
achieved an efficiency of 13.2%. It is seen that our cells exhibit
considerable hysteresis, where in the current-voltage curves depend
on the direction and speed of the voltage scan.
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In addition to this, we perform in-operando X-ray scattering 0 e = 18316 mA/cm?

measurements on our solar cells at room temperature and elevated e

temperatures to better understand the morphological changes under PCE = 13.217%

operating conditions, including the changes associated with . | | 4 |

hysteresis. o0 o8 1o '
Figure 2: Current-voltage curve of the
best cell
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Recently lithium phosphidosilicates have been reported to exhibit ionic conductivities higher than 10° S/cm
making this material class a possible solid electrolyte for rechargeable all-solid state batteries. Of this diverse
group of compounds the most promising properties are found in the compound LisSiP4.[1] Herein we report
revised ionic conductivities of LigSiP4 for highly densified samples and present the two isomeric lithium
phosphidogermanates a-LisGeP4 and B-LisGeP4 and the lithium rich isotypic phosphidotetrelates Li14SiPs and
Li14GePe.

a-LisGeP,

The ionic conductivity determined with impedance spectroscopy .. "g&, &.0 _s‘a ®
of a-LisGeP4 and B-LisGeP4 ranges from 009 ,ﬂ'«of ‘
1.81-10° S/cm and 8.12:10° S/cm, respectively, at room F B S
temperature to 1.69:10* S/cm and 6.56-10* S/cm at 75 °C. i st s
Resulting Li-ion hopping energies of 42.2 kJ/mol and 38.8 kJ/mol ‘vds‘* &‘"
are slightly higher than values of 35 kJ/mol and 34 kJ/mol 9“ g
obtained from temperature dependent 7Li-NMR spectroscopy. ) '
NMR measurements of LiisSiPs and LiisGePs revealed even |

lower hopping energies of 30 kJ/mol for both compounds, ;
suggesting higher ion mobilities. D G

T(°0)
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All compounds were synthesized from elements via ball milling =TT ' ]
and subsequent heating in resistance furnaces or, for highly .,
densified samples, in spark plasma sintering systems. The T M " 0 P
compounds were structurally characterized by X-ray diffraction "‘g i S B
methods. While a-LisGeP4 and B-LisGeP. are solely composed of 2 < hse, S A N
ordered [GeP4]® tetrahedra in a lithium matrix, in Li«4SiPs and © 10 Fe oLiGer, G S
Li1sGePs occur P* ions next to [SiP4]® or [GeP4]® tetrahedra. -
Silicon or germanium atoms fill with lithium a statistically occupied S| swneravise)
sublattice in a cubic closed pack of phosphorous atoms. 1 24 26 28 30 32 34

1000/T (K™
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Semiconductor nanocrystals (NCs) have been widely used in light emitting diodes (LEDs), photodetectors as
well as photovoltaic devices due to the attractive characteristics like tunable energy levels, low cost of
fabrications, low materials utilization and etc [1-3]. Comparing with current organic photovoltaics (OPV) or
perovskites photovoltaics, NCs based photovoltaic devices still present attractive advantages on the stability
about not only the final device operation but also the fabrication process [2,3]. For example, NCs based solar
cells could be fabricated in air ambient conditions without any specified facilities like glove box, which make
it more suitable for low-cost mass production. Moreover, the performance of NCs based photovoltaics device
has reached a certified power conversion efficiency (PCE) of 10.6% by employing surface optimized lead
chalcogenide NCs (PbX) [3].

Figure 1: TEM (left), HRTEM (middle) and photograph of as prepared NCs

Although great progress has been made by the surface chemistry engineering on mentioned lead
chalcogenide NCs and therefore improved the device performance, the toxicity of lead remains an issue
which is also cannot be ignored [4]. Moreover, the NCs were supposed to absorb large area from the
spectrum, so the band gap of NCs was required to be designed as

small as possible. 10 Photoluminescence

In this work, we have fabricated NCs without toxic metal elements. § o I

The band gap of the NCs was designed around 1.5 eV determined 35 ~ [

from the photoluminescence spectrum, as seen in Figure 2. g i

Moreover, we have also introduced the NCs into our organic solar Z 0.6 - Absorption

cells as additional acceptor components by optimizing of absorption = I

behavior of active layer. Additionally, we have fabricated pure NCs % 0.4 -

active layer solar cells. The surface engineering by specified organic =

regents or inorganic regents on the NCs was supposed to improve 02

the charge transportation in our solar cells and therefore improve the

device performances. 00 b4+ 7+1+1

1.0 1.5 2.0 25 3.0 3.5 4.0

References: Photo Engergy (eV)
Figure 2: Photoluminescence and
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As the need for sustainable energy sources is steadily increasing, the concept of photovoltaics has attracted
both scientific and economic interest. Whereas conventional semiconductor-based solar cells are already
well researched and their efficiencies are promising, their energy need for the mere production and their lack
of versatility remain a major drawback. Therefore, concepts are needed, which combine competitive
efficiencies with the possibility for energy-inexpensive large-scale production. Hybrid solar cells, which
combine the mechanical stability of inorganic semiconductors and the versatility of organic semiconductors,
meet these criteria. Titania thin films as an inorganic material in combination with a conjugated polymer as
an organic semiconductor are common for application in hybrid photovoltaics. Excitons are generated via
light absorption in the p-type conducting polymer and split at the interface of the two compounds due to the
band offset. Afterwards, the electrons are transported in the titania and the holes in the p-type polymer
respectively.

Due to the restriction of the charge separation to the interfacial area, a nanoscale structure of the active layer
is necessary in order to enhance the charge separation. Therefore, mesoporous titania structures, which
serve as a matrix for infiltration with the polymer are a promising concept for high-efficiency active layers.
Challenges concerning this concept arise due to the difficulty of the infiltration with the polymer, since
occlusion of the pores in the upper part of the layer can occur and prevent backfilling of pores in lower parts
of the layers. Accordingly, ways to control the structure of mesoporous titania films are of major importance.

We focus on the tuning of the pore size of mesoporous. In our experiments, a solution composed of an
amphiphilic block copolymer as a structure-directing agent and a precursor dissolved in an organic solvent is
applied as a wet film. Immersion in an antisolvent after an evaporation step leads to a structure formation
process in the composite film, so that the morphology depends both on the evaporation time and the
immersion bath. By controlling the evaporation step, the porosity of the film can be tuned. After calcination,
mesoporous titania films are obtained. The films are characterized concerning their suitability for photovoltaic
application, which regards their morphology, crystallinity and thickness. Surface morphologies are
experimentally investigated by scanning electron microscopy as well as atomic force microscopy. These
methods are suited for the estimation of the porosities of the film and for showing the dependence of the
morphology on the processing parameters. In addition to the surface morphology, also the inner morphology
is investigated. Therefore, grazing incidence small angle X-ray scattering is applied as a non-destructive
method to probe the deeper layers.
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Figure 1: surface morphology of titania thin films with dependence of evaporation time before immersion
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Electricity is needed in many situations of our daily life at many different locations around the globe. Solar
energy has the major advantage that the conversion process light/energy is simply available during daylight.
It does not have to be actively transported or stored and is free of political control. Therefore, a strong interest
in solar energy conversion has manifested over the last decades with solar cells taking the role of converting
solar energy to electricity.

Hybrid solar cells are a promising technique for future energy generation as they combine the advantages of
organic and inorganic solar cells. Organic materials are solution processable. Thus, they enable large scale
and cheap production with little energy demand. They also allow for thin film devices sparing scarce
resources. Furthermore lightweight and flexible cells are suitable for new applications. On the other hand the
usage of inorganic material provides high charge carrier mobility and avoids degradation, which enhances
HPV lifetime stability.

Starting from an organic solar cell, the main objective is to incorporate an inorganic component into this
structure in order to make a hybrid photovoltaic device. In this case, we use a wet chemical precursor for the
germanium layer. First for this work, we focus on an inverted geometry system, which includes an additional
compact titania blocking layer (figure 1). Therefore, the approach is to characterize and optimize every step
of this organic system, especially the active layer which strongly influences the efficiency of the solar cell.
Thus, its morphology needs to be optimized and a homogenous film is desirable. In order to achieve this, we
investigate the different layers using several techniques such as an optical microscope (figure 2), UV-Vis
(figure 3), Dektak, and a solar simulator. With these facilities, we are able to enhance our way of working,
and thus in short term to integrate the germanium layer into it as the electron conductive film.
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IrO; is the primary active anode component of proton-exchange membrane cells for water electrolysis in
acidic operating conditions. Its superior performance has generally been rationalized through the optimized
binding of relevant reaction intermediates at IrO, (110) as assessed within the computational hydrogen
electrode (CHE) approach based on density-functional theory (DFT) calculations. At present, it is unclear
though whether this level of theory is sufficient to guide ongoing activities that aim at improving the anode
activity and stability through nanostructuring and doping. To this end we revisit critical practical components
of the CHE approach, such as the employed DFT functional or the degree of hydroxylation under operating
conditions. Extending the calculations to other low-index facets allows to attempt a first description of 1rO,
nanoparticles through an ab initio thermodynamics based W ulff-construction.
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Many present problems regarding the safety of liquid electrolytes in lithium-ion batteries may potentially be
overcome by the use of solid-state polymer electrolytes. Polystyrene-block-polyethylene oxide PS-b-PEO
diblock copolymer (DBC) electrolyte have been recently investigated as a membrane for Li-ion battery. The
performance of these DBC electrolytes strongly depends on its morphology, serving highly oriented PEO
domains as pathways for lithium ions migration. Thus, in situ structural investigation of these Li-ion doped
DBCs systems during cycling in an operating battery is essential, which can be done by neutron or X-ray
small angle scattering. In situ small angle neutron scattering on a working pouch cell has been performed,
which proved the structural stability of the polymer electrolyte. Also, capillary-based micro-battery cell
allowing simultaneous electro-chemical and structural evaluation by X-ray scattering has previously been
reported [1].

_ The current in situ small-angle X-ray scattering

v - A (SAXS) study of the solid-state polymer electrolytes
< .8 | using a modified version of the micro-battery cell

provides a deeper insight into the structural

\\\ k 2 modification. Figure 1 shows the currently used
L - setup used for the X-ray experiments. A battery cell

- d is assembled inside a glass housing, consisting of a
J flat capillary tube. Lithium iron phosphate (LFP) and

J lithium/graphite (Li/C) are used as cathode and

anode active materials for this system. Composite
electrodes as well as the polymer electrolytes are

prepared by solution casting onto copper current
Figure 1: Schematic of the in situ SAXS setup. collectors [2]

-
o
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Figures 2 and 3 show 1d radial averages of the o v
SAXS data acquired while cycling the battery for
LFP/C (2) and LFPI/Li (3) cells. While the system
with the graphite anode shows a stable structure
over big number of cycles, the LFP/Li system is less
structured from the beginning of the measurements
and loses the remaining ordering over cycling. The
influence of the lithium metal on the polymer
electrolyte and the interface between the two layers
will be further investigated in this work in order two
determine the applicability of lithium metal anodes.
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[1] R.E. Johnsen, P. Norby, J. Appl. Cryst. (2013), P q ™ %! q (AP

46, 1537. ) . Figures 2 and 3: 1d radial averages of the SAXS data
[2] R. Bouchet, S. Maria, R. Meziane et al., Nature  ,cquired during the cycling of a LPF/C (left) LFP/LI cell

materials (2013), 12, 452-7 (right).
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Catalyst deactivation due to sulfur poisoning is a common problem for a wide range of catalytic processes.
Examples include petrochemical processes, methanol synthesis and methanation reactions. Only trace
amounts of gaseous sulfur (H2S, thiophenes, thioles, etc.) bind irreversibly to the active sites, leading to a
rapid and hard-to-regenerate loss in activity and/or selectivity. As a result of poisoning, catalyst beds suffer
from a reduced lifetime and need to be exchanged more frequently, leading to an increase in production
costs. In the future the impact of sulfur poisoning might even become more significant, since the chemical
industry has begun to move from comparable clean feedstocks, such as natural gas and crude oil, to
alternative feedstocks, such as bitumen tars and some forms of biomass. Therefore, the demand for catalysts
with the ability to operate in the presence of higher levels of poison is possibly increased.
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The current study aims at understanding the poisoning effect of sulfur on the methanation reaction of CO,
over NiAlOy systems, using an ex-situ impregnation method. Therefore, catalysts with different Ni/Al ratios
have been prepared by a co-precipitation recipe described elsewhere and poisoned in a subsequent step,
using an aqueous solution with varying concentrations of either (NH4).SO4 or (NH4).S. In order to study the
role of the supporting Al-species, the poisoning step was also carried out for pure y-Al,Os. The actual S-
loading was determined by CHNS and the Ni/Al ratio by ICP-OES analysis of the calcined catalyst. The active
metal surface area of the activated, non-poisoned samples was determined by H, chemisorption. XRD was
applied to monitor possible phase changes in the poisoned samples. The performance of the activated
catalysts was analyzed in a plug flow reactor apparatus.

Elemental analysis of pure y-Al,O3 treated with sulfate and sulfide lead to the conclusion, that there is a
stronger interaction between sulfate and the support than with sulfide. This was confirmed by XRD analysis
of y-AlLO3 treated with saturated solutions of (NH4).S and (NH4).SO4 (Figure 1). After calcination, an additional
phase was detected in the latter case, which was assigned to aluminum sulfate. Contrarily, no additional
phase was observed in the case of (NH4).S. Catalytic tests also gave different results depending on the type
of the used precursor (Figure 2). Catalysts treated in (NH4).SO4 were observed to anneal more moles of
sulfur per mole surface nickel at low nickel loadings and vice versa. Catalysts treated in (NH4)2S did not show
a dependency on nickel loading. Therefore, we assume that selective poisoning of low loaded Ni/Al(O)x
catalysts is only achieved in sulfide solutions, whereas impregnation with sulfate might lead to an
overestimation of the sulfur tolerance.
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Although it was first described in 1902, the hydrogenation of CO; has only recently come back into the focus
of research as an efficient method to store renewable energy [1]. Since the rediscovery of CO, methanation,
a broad range of active metals, promotors and support materials have been investigated. However, detailed
deactivation studies and information about deactivation kinetics remain scarce. In this contribution a
systematic deactivation study of precipitated Ni catalysts is presented comprising both standard and transient
characterization techniques. A kinetic description of the deactivation behavior is derived.

Catalysts with varying Ni loadings were synthesized via co-precipitation of the corresponding metal nitrate
solutions [2-3]. Deactivation studies were conducted at 623 K in a setup equipped with four simultaneously
operated fixed bed reactors. The feed gas composition during deactivation was Ha/CO2/Ar/Nz = 8/2/5/1 with
a flow rate of 15 sccm. Periodic activity measurements were performed at 523 K under differential conditions.
Results indicate that catalyst stability is improved with decreasing Ni/Al ratio (not shown here).

For a more detailed deactivation study a catalyst with 10+ r——— m..
Ni/Al = 3 was chosen. After 0 h, 25 h, 95 h and 165 h of PLM Fit
reaction a catalyst sample was removed from the aging

setup under inert gas atmosphere for characterization.
Transient characterization methods, such as temperature-
programmed desorption of hydrogen (H.-TPD) and pulsed
hydrogen adsorption, were conducted in a single-pass
setup. For the kinetic description of the deactivation the
power law model (PLM) in equation 1 was applied.
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The results of the PLM fit depicted in Figure 1 match the
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of the catalyst activity suggesting that the loss of Ni
surface area is a predominant deactivation mechanism.
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The effect of aging temperature on catalyst deactivation is
being investigated in an ongoing study. Complementary [/
studies of changes in CO, adsorption with time on stream 0+, , , , , , ,
will be conducted to elucidate additional deactivation 100 200 300 400 500 600 700
mechanisms. Temperature [K]

[1] M. Sterner, Dissertation, Kassel University, 2009.

[2] S. Abello, C. Berrueco, D. Montane, Fuel 2013, 113, 598-609.

[4] F. Koschany, D. Schlereth, O. Hinrichsen, Appl. Catal., B 2016, 181, 504-516.
[6] L. Znak, J. Zielinski, Appl. Catal., A 2008, 334, 268-276.
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Organic photovoltaics (OPV), mostly polymer solar cells, have shown a lot of promise as an emerging
technology with their potential as a low cost, easily produced alternative to conventional photovoltaics.
Additional qualities such as their light weight and flexible properties could further expand their areas of
application; however, low efficiencies and short lifetimes of OPVs have been a hurdle to their commercial
acceptance. Research behind morphology of polymers serves to tackle these issues, aiming to strengthen
OPV technology as a worthy contender in global energy production.

Polymer solar cells come in several junction types. For a bilayer solar cell (fig. 1a), two layers — a donor
material and an acceptor material — with different electron affinities are applied in between two conductive
electrodes. Although simple to fabricate, there is only one interface where charge separation can occur. This
means that there are less excitons dissociated due to less surface area, and high losses of charge carriers
due to the long distances they must travel to the next active interface. Both of which negatively affect the
power conversion efficiency of the solar cell.

a) b)

Electrode Electrode

Electrode Electrode

Instead of two layers, bulk heterojunction solar cells (fig. 1b) have one active layer which is a mix of some
conjugated molecule based donor and fullerene based acceptor. The mixed donor and acceptor self-
assemble in-to a disordered structure which increases the surface area for higher exciton dissociation, but
also increases the chance that charge carriers recombine. Bulk heterojunction solar cells generally have
higher efficiencies than bilayer solar cells, but film morphology is difficult to control and has been shown to
be a factor which shortens the lifetime of the solar cell [1].

By utilizing an in-situ polymerization technique and varying the water content within our precursor solution,
we attempt to bypass the insolubility of Polythiophene to take advantage of its stable qualities, while
influencing the crystallization and film morphology to achieve a complex interface between donor and
acceptor [2]. The resulting characteristics are analyzed using the Grazing-Incidence Wide-angle X-ray
Scattering technique.
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Since the discovery of conjugating polymers in the 1970s their synthesis and the development and
optimization of applications has been in the focus of research. Since their conductivity and optoelectronic
properties strongly depend on the molecular morphology and crystallinity, controlling the thin film morphology
is one of the main challenges when it comes to developing fabrication processes that work on small labs as
well as in large industrial scales. As many conjugated polymers are insoluble in most common solvents and
do not allow processing directly from solution, they are often equipped with solubilizing side chains. In situ
polymerization offers the possibility to process polymers from solution without the need for solubilizing side

chains. For this purpose, the corresponding monomers are deposited onto the substrate and chemically linked
afterwards.

Since it is well known, that the performance of polymeric electronic devices depends strongly on the molecular
interactions within the thin films, understanding and controlling the crystallization and film morphology are of
crucial importance. Here, we would like to present a solution-based in situ polymerization technique for
fabrication of thin films of native polythiophene and how we can influence the polymer aggregation by varying
easily changeable synthetic parameters.

Figure 1: In situ polymerized polythiophene films with tuned intermolecular interaction. .

The film morphology and resulting polymer interaction is analyzed combining
grazing incidence wide-angle x-ray scattering (GIWAXS) and spectroscopic |
methods. Moreover, the electronic properties and performance in organic solar |

cells are correlated to the film morphology to show a clear dependence of the
chosen synthetic path on the final film characteristics.

Figure 2: Lab scale PT/PCBM
organic solar cell

Jenny Lebert
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The desire to efficiently convert solar into electric energy has led to increasing activity in the associated field
of scientific research in the last decades. Due to major advantages, as low material costs and the applicability

of mass production techniques, solution processed solar

2or O et zos % | cells have long been of interest.
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16 e In particular, organometal halide perovskite based solar
14 L Bl ool cells have emerged as the fastest-advancing photovoltaic
. - , - N
2L 12.8% (5-AVA)(MA) 2Pbls technology to date, reaching certified splar cgl! efficiencies
B i .. (M;;:g“““gs of up to 22.1%, already surpassing silicon based
S . Ao Sci Rep. 2,591 wpsc | technologies. [1]
b= ¥ SS-
w
°r Adv. Mar, 19 313 5 Am. Chie So0 13, 18042 Moreover, the focus of research recently broadened
4T 0.74% (N3) - beyond high efficiencies to key values like prolonged
Nature 395, 583 3 . . . T . . .
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addresses these challenges and is furthermore adaptable
for industrial scale production by established printing
technologies like screen printing.

Year

Figure 1: Diagram of recent progress in power
conversion efficiencies of perovskite solar cells.

Our project partners at NTU Singapore have already succeeded in the
production of large scale perovskite solar cells, achieving 10.74%
efficiency for a 70cm? perovskite solar cell module. [2] However, little is
known about the perovskite crystal formation processes in the utilized
mesoscopic device structures, which are of prime importance for further
device performance optimization. Our research group at TUM focuses
on identifying the crucial processing parameters to gain deeper
understanding on the crystallization processes.

In this project, we fabricate a mesoscopic scaffold comprised of a
mesoporous triple-layer of titania, zirconia and carbon by screen
printing. We further investigate the influence of the processing additive
5- ammonium valeric acid iodide (5-AVAI) on the perovskite solution
infiltration and perovskite crystallization in the employed mesoscopic

scaffolds. Hereby, our results grant us a better understanding of the
perovskite crystallization processes in a mesoscopic scaffold and are of
key importance for further device developments.

References:

Figure 2: Photograph showing a 70cm?
perovskite solar cell module, reaching
10.74% efficiency by ERIAN, NTU [2].
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Top Electrode Top Electrode

The increasing demand for energy in the world of a growing
population as well the desire to get independent of
conventional fossil energy resources have been the driving
force behind the extensive research on alternative,
sustainable energy sources. As most of the energy today
available on the planet origins from the energy of the sun, the
most promising approach to meet future energy demands is
Bottom Electrode to convert sunlight into electric energy. Inorganic solar cells
Bilayer Structure Bulk Heterojunction  With high efficiencies and long lifetimes have been developed
and are used commercially today.

Bottom Electrode

Acceptor-fullerene material

Donor-polymer material . . .
poly However, these devices have certain drawbacks like the

Fig. 1: schematic drawing of bilayer structure vs.  €nergy intensive and expensive manufacturing process as
bulk heterojunction [1]. well as the inflexibility of the materials. These factors
decelerate the growth in this sector, which is currently tackled with the development of new devices based
on organic materials. These devices do not potentially outperform inorganic devices by efficiency and lifetime,
however they do seem promising, as very economical manufacturing techniques that can be employed to
produce the cells with a high flexibility for diverse applications.

Organic solar cells are based on molecules with delocalized electrons. These materials are either polymers
or so-called small molecules. A general problem of the organic materials is the short diffusion length for
excitons, which lie in the range of 10 nanometers. However, to yield maximum absorption, a thicker layer of
at least several tens of nanometers is necessary. Optimized device structures with two different organic
materials, a donor and an acceptor, were developed. The resulting energy differences of the materials at the
interfaces allow an efficient exciton splitting, which yield in free charge carriers which can be extracted more
efficiently. Therefore, the structure of the interface is of utmost importance for the device performance. The
current state-of-the-art is the bulk-heterojunction (BHJ) principle (see Fig. 1), where the two materials are
mixed and form regions in the range of the exciton diffusion length.

The basis of the research presented here is a new technique where the active organic layer is polymerized
in situ. Hereby, an insoluble thin-film is produced. The insolubility can now be exploited to gain more insight
into structure-property relationships of organic solar cells. The advantage is the inertness of the structure for
further processing steps, and therefore simple bilayer structures, as well as more complex ones in the
direction of bulk-heterojunction can be produced.

Different approaches can be used like hard or soft templates, lithographic methods as well as imprinting
techniques. The importance is to get defined structures which can be systematically varied. Data from these
experiments like I-V characteristics and mobility can then be used to derive a more general understanding of
the processes involved in organic solar cells.

Furthermore the data obtained will be used in an interdisciplinary cooperation with the group of Prof. Alessio
Gagliardi to improve the simulation of organic solar cells.

Herzig Group, Lichtenbergstrasse 4, 85748 Garching
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Photovoltaic solar cells have been regarded as a promising energy conversion method to keep up with the
world's increasing energy consumption. Organic solar cells yield promising prospects due to their low cost
fabrication, light weight and mechanical flexibility. However, the efficiency of organic solar cells are inferior to
commercial silicon solar cells. Organometal halide perovskite solar cells are a product of combining the
advantages of organic and inorganic systems.

The steep rise of the efficiency in the past decade makes

Screen-printed layers them the fastest-advancing solar cell technology to date [1],
CH;NH,Pbl, due to properties like large carrier diffusion lengths, high

Carbon charge-carrier mobilities and a low exciton binding energy [2].

Zr0, However, perovskite is sensitive to humidity, which may have

detrimental as well as beneficial effects [3].

In this work, we fabricated mesoscopic perovskite solar cells

Fesn AN oS

ORI E A0 by using a screen printer. Screen printing is an established
R e o st st printing technique where a mesh is used to transfer a paste
| onto a substrate. The method is easily scalable which is ideal

for commercializing solar cells. By adjusting the processing
parameters the thickness of each layer can be optimized.
Figure 1: A schematic structure of perovskite Our mesoscopic perovgkite architecture is based on a triple-
solar cell. layer scaffold of m-TiO2, m-ZrO2, and m-Carbon. The
structure can be seen in figure 1. In this work,
methylammonium lead triiodide (MAPI) is drop-casted on top of the scaffold where ideally perovskite crystals
form in the scaffold during heating. Perovskite works as an active material and a hole conductor in this
architecture.

A humidity atmosphere setup is applied during the perovskite solution deposition and perovskite formation
process. When MAPI is exposed to water vapor at room temperature hydrated crystal phases are formed.
The impact of humidity on the morphology and device performance will be investigated.
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Introduction

As part of the energy transition, the expansion of renewable energy is focused on reducing CO, emissions.
Here, however, itis challenging to store excess energy effectively. A promising approach to solve this problem
is the power-to-gas (PtG) concept [1]. In this case, carbon dioxide with hydrogen obtained by electrolysis of
water is converted into methane by means of the Sabatier process. From literature, it is known that Rh-, Ru-
or Ni-based catalysts show promising results [2-4]. In this study, the impact of surface-bound carbon species
on the performance of CVD-prepared Ni/SiO, catalysts for CO, methanation reaction is investigated.
Catalyst Preparation

The Ni/SiO; catalysts were prepared by applying of the chemical vapor deposition (CVD) technique. For this
purpose, a fluidized bed reactor consisting of a quartz reactor, a saturator and an oven is used. The SiO,
particles are positioned inside the quartz glass reactor, where the fixed bed is transferred into a homogeneous
fluid bed. The saturator is loaded with the volatile nickel precursor. Subsequently, the deposition of nickel is
started by dosing the volatile nickel precursor into the gas stream. The deposition is run by lowered pressures
and elevated temperatures. The calcination process was conducted under different atmospheres to obtain
different carbon contents on the surface of the catalyst: catalysts

without carbon were calcined under flowing air, while, in contrast,

catalysts containing carbon were calcined under static air 100
Results
The carbon content of the catalysts can be modified by different . R

calcination parameters. The remaining carbon is stable under
methanation conditions. In Figure 1, the conversion of CO; in the
methanation reaction over temperature of two different catalysts is
presented.

Cat 2 shows a higher activity compared to Cat 1, although Cat 2
has a smaller active metal surface. This increase in the activity is _
caused by the additional carbon on the surface of the catalyst. This 2 ol P
observation can also be made in Figure 2, where the formation T e o o0
rate of methane at 300 °C is presented (in terms of weight time Temperature / °C

yield). It is a linear function of the active metal surface.
Nevertheless, the catalysts with carbon on the surface show an
enhanced formation rate compared to the catalysts without
carbon. Moreover, the formation rate increases with rising amount
of carbon at unchanged active metal surface.

Outlook

The next step of this study is to reveal the nature of the carbon on
the surface of the catalyst. If the nature is known, the process
parameters can be adapted to increase the stable amount of
carbon during the reaction to enhance the activity of the catalyst.
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Over the last decades, the negative impact of fossil fuel combustion on the environment got increasingly
visible. Furthermore, limitation of oil, gas and coal resources has led to an increasing interest in renewable
energies to serve the continuously growing energy demand. A promising candidate for the future energy
provision is photovoltaics, as the conversion of solar energy reaching earth to electricity could cover the world
energy consumption.

In this context, organic photovoltaic (OPV) devices are a promising technology, offering many advantages
over the conventional semiconductor-based solar cells, like light weight, flexibility and semi-transparency.
Moreover, organic photovoltaic offer the possibility for large-scale and low-cost processability. Due to these
advantages, devices could be implemented in a wide range of applications.

Recent research efforts target the photovoltaic performance to make solar cells
attractive for industrial purposes. As a consequence new compounds for the
synthesis of organic photovoltaics with reported power conversion efficiencies
surpassing 11% have been developed. [1] However, organic photovoltaics still
exhibit efficiency losses and decreased lifetimes compared to common inorganic
photovoltaic devices. Several issues have to be investigated to make organic
photovoltaics competitive for industrial applications.

Thus, the inner morphology of the organic thin films used in organic solar cells is
one of the key aspects concerning charge carrier separation, diffusion pathways

Fgure 1: Photograph of an . . .
organic solar cell. and extraction of the free charge carriers. Thereby, the power conversion

efficiency. Furthermore, a promising way to increase the efficiency of organic
photovoltaic devices consists in the doping of the active bulk heterojunction with inorganic nanoparticles.
Recently the most widely investigated bulk heterojunction donor-acceptor system of P3HT:PCBM was doped
with iron oxide nanoparticles, resulting in an increase of the device performance. [2]

Based on this approach, our work takes a deeper look at the effect of inorganic nanoparticles on the electrical
characteristics of organic solar cells. Depending on the concentration of nanoparticles doping, current-voltage
measurements are performed. Furthermore, we study the influence of the incorporated inorganic
nanoparticles on the crystallinity and the inner morphology of the active polymer layer with X-ray diffraction
methods, like grazing incidence small angle X-ray scattering (GISAXS). [3] As a result, we want to gain further
insight in the correlation of inner morphology and photoelectric characteristics of organic solar cells.
Complementary UV-Vis spectroscopy and photoluminescence measurements are carried out in these
studies.
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The increasing demand of electronic devices nowadays still mainly built up from inorganic materials in often
dangerous, toxic, expensive and energy-intensive processes drives the necessity to develop alternatives from
organic materials. Versatile organic materials like polymers offer the ability to develop, design and fabricate
eco-friendly, flexible, and low-cost electronic devices using also self-assembly processes on nanoscale.

Understanding the interface between metals, commonly used as contacts and current collectors, and
(conducting) polymers used in organic electronics and organic photovoltaics is crucial to develop highly
reproducible, low-cost and reliable devices.

To address these issues, sputter deposition is the technique of choice to fabricate scalable, reproducible and
controllable nanometer and sub-nanometer metal layers on polymer thin films'. In situ grazing incidence small
angle X-ray scattering (GISAXS) allows investigating the formation, growth and, if desired, self-assembled
structuring on appropriate polymer thin films. The sputter deposition process well understood and controlled
offers advantages over chemical methods to tailor the nanoparticle size in the sub-monolayer regime and
offers a superior adhesion of the deposited material’ needed for applications like organic sensors?, field effect
transistors?, light-emitting diodes* and organic photovoltaics®.

Also in polymer electrolyte lithium ion batteries (LIB) the polymer-metal interface between electrode and
electrolyte but also between current collector and electrolyte is of great interest especially along with
developing thin film LIB. The understanding of deposition and infiltration of sputtered metals and alloys onto
the polymer thin film is crucial to understand the limits of the LIBs unexploited development.

In the presented work, the first steps investigating the metal-polymer electrolyte interface with in situ GISAXS
during metal sputter deposition is shown to provide a new and efficient way to thin film Li-ion batteries.

[1] Faupel, F.; Zaporojtchenko, V.; Strunskus, T.; Elbahri, M. Metal- Polymer Nanocomposites for Functional
Applications. Adv. Eng. Mater. 2010, 12, 1177-1190.
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Films and Their SERS Capabilities. ACS Appl. Mater. Interfaces 2013, 5, 8655-8662.
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In the development of non-conventional solar cells not only the achievements of highest power conversion
efficiencies and maximum lifetime of devices is of interest. Also the sustainability of the production process
of the devices comes into focus. In order to achieve an all-embracing green technology, the materials applied
and the required energy for device fabrication are of importance. Materials in terms of functional components
or as additives in the processing should be non-toxic and environmentally friendly. In an optimum approach
no organic solvents should be used for the coating of any of the layers of the device. High temperature
processing steps should be reduced or avoided to increase the energy payback times of the solar cells.
Following this idea, we developed hybrid solar cells with an active layer based on low temperature processed
titania and a water-soluble polymer [1].

In our approach titania nanoparticles are produced with laser ablation in liquid in order to initiate a
functionalization of titania with the polymer for the active layer. Combining these titania nanoparticles and
water-soluble poly[3-(potassium-6-hexanoate)thiophene-2,5-diyl] (P3P6T) hybrid solar cells are realized.
For the fabrication of hybrid photovoltaic devices we applied different deposition techniques for the active
layer. Starting with spin-coating technique, we also investigated dip-coating and spray-coating which could
easily scale-up to industrial cost-effective applications. For the deposition of the active layer with laser-ablated
particles both techniques provided a good control of the film thickness. For hybrid solar cells the morphology
of the active layer is of major importance for the performance of these devices.

For the spray deposition method we are especially interested in how the morphology changes with increasing
film thickness during deposition. Therefore we followed the development of the morphology of the active layer
in situ with high spatial and temporal resolution. The mesoscale was probed as well as the crystallinity of the
polymer and the inorganic component. The changes of the morphology of the active layer are discussed and
implications for an improved processing of devices are given.

Figure 1: a) Built-up of a hybrid solar cell with a zoom-in into the active layer picturing functionalized titania nanoparticles
in the polymer matrix b) in-situ spray deposition of the active layer probed with grazing incidence small angle x-ray
scattering.

Hybrid solar cells are produced by applying a new water-based processing method. The cost-effective
deposition technique spray-coating allows for precise control of the film thickness whereas the morphology
of the active layer is maintained. We also demonstrate further tuning of the device efficiency enabled by
introducing a vertical compositional gradient in the active layer.

[1] V. Korstgens et al. Nanoscale 7, 2900-2904 (2015).
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Hybrid solar cells combine the unique properties of inorganic semiconductors and organic polymers which
result in low production costs and flexibility.[1] In contrast to approaches which yield nanoparticles or
nanowires of inorganic semiconductors, routes to periodic porous materials are scarce.

Oxidative decomposition of Zintl clusters in presence of a specific template leads to homogenous thin films.
So far, we succeeded in preparing germanium films with inverse opal morphology and a well-defined pore
size in the range of 300 nm using solutions of the intermetallic compound K4Ge9 which contains nine-atomic
clusters.[2] Moreover we used Si-Ge mixed Zintl clusters to prepare periodic porous silicon-germanium
morphologies. However, this approach resulted in solubility issues.

Herein we present a type of functionalized Si-Ge Zintl clusters which show a good solubility in a broad range
of common solvents such as acetonitrile, toluene and hexane. They could be used to gain access to periodic
porous silicon-germanium morphologies with tunable Si:Ge ratio.

The results of this synthetic approach are shown using : . .
. —— starting with K__Si_.Ge
nuclear magnetic resonance (NMR) and mass 127572
spectrometry (MS). Furthermore, two possible routes to Si,Ge, - trisilylated
periodic porous morphologies are depicted. ), clusters
2
@ Si,Ge
2 /
E '
o SiGe,
|
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Low-temperature proton-exchange-membrane fuel cells (PEMFCs) are promising energy conversion
devices. However, one of the hindrance in the mass commercialization is the high amount of very expensive
Pt-based catalysts required at the cathode side, where the oxygen reduction reaction (ORR) takes place. In
the last decade, many efforts have been made to reduce the Pt loading at the cathode or to replace it
completely by Pt-group—metal (PGM) free catalysts. The best PGM-free catalysts reported so far are MCyNx
(M = Fe/Cu/Co) . They have acceptable ORR activity and are inexpensive. The main drawback of the
aforementioned catalysts is their long-term instability in acid environment. High activity and long-term
durability are the main requirements for a new catalyst. Based on our previous work with ZrO Il and recently
submitted work with Fe+ZrO, based catalyst 1, we were motivated to investigate also Cu+ZrO, as a possible
PGM-free ORR catalyst. Doping in ZrO, seems to be inevitable owing to limited ORR activity of pure ZrO,
samples, possibly due to low amount of active sites. In addition, this motivation is also supported by literature,
which reports the creation of oxygen vacancies in oxide

02 03 04 05 06 07 08 09 \when Cu is incorporated in ZrO,®, which are

ol _ L _ __ L hypothesized to be ORR active sites 7],

In short, soluble metal (Zr and Cu) phthalocyanines were
impregnated on carbon black (graphitized Ketjenblack)

0;8; DY R . ' ‘ | followed by heat treatment. A series of samples were
< K Cu+Zro, 0.1 wt% synthesized with different heat treatment temperatures
- 5l / ——Fe+zZr0, 036wt% | (700-900 °C), and Cu loadings (0.1-0.5 wt.%). Structural
3 - - - Zr0, 3 characterization of the samples was primarily done by X-

Al | ray diffraction technique.
; i ; ; . Furthermore, cyclic  voltammetry on  thin-film
'50_2 04 05 06 07 08 09 (70-76 pgeca/cm?) rotating disc electrode was employed

to determine the ORR activities of the samples at 20 °C
in Oz-saturated 0.1 M HCIO4 electrolyte at 1600 rpm.
Figure 1 shows the increase of activity for Cu+ZrO, and
Fe+ZrO, catalysts compared to pure ZrO,. Structural
characterization viz. magnetic measurements and XPS
analysis will be done to better understand the nature of the active sites. In addition, the Cu+Fe+ZrO, system
will be analyzed, to check if a possible co-doping leads to a better catalyst. The sample with the activity close
or higher than Fe+ZrO,_0.36 wt.% (Figure 1) will be tested in a PEMFC system for its activity and durability.

E \Y

iR-free ( RHE)
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Silicon is an attractive candidate as anode active material for the next generation of Lithium-ion batteries with
cell-level gravimetric energy densities above 300 Wh kg™ci.! In contrast to state-of-the-art graphite
intercalation electrodes (372 mAh g?c, LiCs), silicon forms an alloy with lithium, which considerably increases
the theoretical specific capacity (3579 mAh gs;, LiisSis).2

The practical application of silicon-based electrodes in Lithium-ion batteries is still hampered by two major
drawbacks that are closely related to the extent of the lithium uptake: (i) In their fully lithiated (charged) state,
the silicon particle volume increases by 280%, which leads to a severe mechanical degradation of the entire
electrode upon repeated charge-discharge. (ii) Continuous volume changes inhibit the formation of a stable

solid-electrolyte interphase (SEIl) at the silicon particle ™ A
-

surface, which results in an ongoing electrolyte
decomposition at low potentials.®
-

Our research focusses on the identification and e f"f L
quantification of the degradation phenomena that occur in P o .
silicon-based electrodes during battery cycling. Hence, we ‘
employ various electrochemical and spectroscopic
techniques, including impedance spectroscopy (EIS),
on-line electrochemical mass spectrometry (OEMS),
19F-nuclear magnetic resonance (NMR) spectroscopy, and
scanning electron microscopy (see Figure 1).4°

In this contribution, we present _s_ele(_:ted results from our §EM'(LE'D)\ x11,000 150KV = 1 pm
previous research on the quantification of the electrolyte
decomposition in silicon-graphite//LiFePO, coin-cells in

Figure 1: SEM cross-sectional image of a pristine

. .. . silicon-graphite electrode, consisting of 20 wt%
dependence on the cycling conditions. Based on this, We jjicon, 65 wtos graphite, 7 wto carbon fibers, and

discuss the influence of the decomposition products and 8 wt% LiPAA polymer binder. Thickness: ~25 pm.
morphological changes during cycling on the tortuosity and
pore volume of the silicon-based electrodes.
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Technological advances and the rising demand for electrical energy have led to a point, at which the impact
of fossil energy sources on nature is more noticeable than ever. Today, the discussion between economic
and ecological interests has reached a new urgency. Improvements in the field of renewable energies are
inevitable to fight the trend of global warming.

Organic photovoltaics are a potential candidate to address this problem in new ways. In contrast to silicon-
based solar cells, they offer a wide range of advantages. Due to their flexibility and tunable optical properties,
sun harvesting in areas not accessible to conventional solar cells could be greatly increased using organic
solar cells, e.g. on windows, curved or flexible surfaces. Other advantages are the lighter weight, lower energy
consumption during the production and much lower production costs. Possible fields of application are
enhancements in building and mobile power generation.

In the last years, the formerly poor efficiencies of organic photovoltaics have been greatly increased. This
year, organic photovoltaics have already reached an efficiency of 11,7 % [1] on a laboratory scale. However,
further improvements in the device architecture and stability are needed to reach industrially relevant
efficiencies.

To enhance the performance of solar cells, recent research efforts focus on identifying new highly efficient
materials. One way to achieve this is the development of low band-gap polymers, which absorb light of lower
energies and can therefore increase the overall absorption. One prominent representative for these kinds of
polymers are PTB7 and its derivatives, which can achieve
efficiencies of around 10 %. Our work focuses on the | CioHz; \ C.H C H / C1oHz21
. . 8' 17 g 17~
comparison between these polymers and a different one
called PffBT4T-20D, which shows an even higher

efficiency of approximately 11% [2]. Applied )—Q—/
characterization techniques include optical absorption

and microscopy measurements as well as X-ray
scattering methods. Exploratory solar cells link the power

conversion efficiency to parameters such as the active
layer composition and morphology.

"1

PR
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a) ++++++++++ (b) Force @

L J

We report the fabrication and characterization of energy (

harvesters based on the piezo- and pyroelectric material /H B H H ©
polyvinylidene fluoride (PVDF). As shown in Fig. 1. (a), C\ C C_ [ IR @
PVDF is composed of difluoroethane molecules, which /C\/ o /C\/ ‘ q‘:[AU‘
align when an external electrical field is applied. Once the F F F F E ®

PVDF is polarized, it generates a voltage under time- — - — — — —— — — — — — . )
varying mechanical stress (piezo-effect), as illustrated in , e
Fig. 1 (b) or temperature (pyro-effect).

For the top and bottom electrodes that contact the 40 ym
thick PVDF-foil, spray-coated and transparent electrodes
(TEs) are utilized. As illustrated in Fig. 1, the TE films are
made of (c) Silver Nanowires (AgNWs), (d) poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) or a composite of these two materials. The ; ® 2
transparency is required for the pyro-effect to allow the ! BYA \/ A .
heat source, i.e. a conventional light bulb, to penetrate the Figure 1. Schematics for (a) the polarization of PVDF

: ; £ and (b) a piezoelectrically active unit cell under strain.
electrode material and rapidly heat up the PVDF-foil. Atomic Force Microscope (AFM) images for (c) AGNWS

and (d) PEDOT:PSS.

The presented energy harvesters can for instance be used to
power smart and autonomous electronics, whose power
consumptions are visualized in Fig. 2. Attributed to the power
output of the presented prototypes that can easily be up-scaled
and lie in the sub-pW range, a promising application is to power
a Wireless Sensor Node (WSN).

The fabricated harvesters are characterized with regard to their
voltage and current output as well as their optimum load
resistances, as depicted in Fig. 3 (a). In order to power a WSN
Figure 2. Power consumption for a selection of - gketched in Fig. 3 (c), an efficient and low-power management
smartelectronic devices. IC that is exemplarily depicted in Fig. 3 (b) is simulated and
experimentally tested.
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Figure 3. (a) Transient voltage response for a PVDF-based energy harvester that is subjected to heating and connected to
different ohmic load resistors. (b) Sketch for a low-power management IC. (c) Schematic for a WSN.
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Organic opto-electronic devices offer the
possibility of low cost, large area farbrication
due to their solution-processability and low
material cost. While this generally applies to
the active organic materials involved, it often
does not for the electrode materials. The
transparent electrode is especially challenging
as it needs to combine high transparency with
high conductivity; we investigate the use of
silver nanowire (AgNW) networks, which are
spray-coated from solution, to replace the
costly and brittle indium tin oxide (ITO) typically
used for transparent electrodes.

Firstly, we investigated spray deposition of
AgNWs and post-treatments of the resulting
films. Figures 1a) and 1b) show optical
microscope and SEM pictures of the films. The
film thickness is controlled by the number of
consecutive spray depositions and constitutes

a) Al (100 nm)
Hole transport layer: MoO, (20 nm)
Electron transport layer: ZnO

AaNW or ITO (120 nm)

Glass substrate

b) 4] AgNWs / ZnO (47 nm)
3]——AgNWSs / ZnO (74 nm)

« 24——AgNWs/ZnO (130 nm)
§ 14——AgNWs/ZnO (170 nm)
% 04 ITO / ZnO (47 nm)
= ; ITO /ZnO (74 nm)
% ,]—1T0/Zn0O (130 nm)
& . 1——1T0/2n0 (170 nm)
E 64
3

-0,1 0:0 0f1 0:2 0:3 0:4 015 0;6 017 0,8
Voltage (V)
Figure 2: a) layer stack of fabricated solar cells

and b) J-V characteristic of device with ITO or
AgNW electrode and different ZnO thickness.
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Figure 1: a) optical microscope picture, b) SEM picture of AgNW

film, c) transmission of AQNW vs ITO film and d) sheet

resistance vs layer thickness of AQNW films with different post-

treatments.

a trade-off between conductivity and transparency. Different
after-treatments with water, heat or pressure can further
enhance the performance of the AgNW film. An overview of the
performance different thicknesses and treatments is shown in
Figure 1d). An optimized layer with 7 spray runs results in a
sheet resistance of Rsh= 12 Ohm/square and a transparency of
85 % at 550 nm, which is similar to the performance of ITO as
shown in Figure 1c).

With a length in the order of 10 - 30 ym, the AgNW tend to form
rough layers with single wires or wire bundles sticking out. These
spikes can cause short circuits in thin-film devices, which
typically have thicknesses in the around 250 nm. We used films
made of spin coated ZnO nanoparticles as electron transport
layers in order to planarize the AQNW and studied the influence
on the AgNW film roughness and solar cell performance. Figure
2a) shows the layer stack of the fabricated devices and Figure
2b) compares the J-V characteristic of devices made with ITO
and AgNW electrodes and different ZnO thicknesses, with the
AgNW outperforming their ITO counterparts due to higher short
circuit currents with power conversion efficiencies up to 3.2 %.
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With a rising worldwide demand for sustainable energy, alternative sources such as solar, wind or hydropower
are gaining more and more impact in the global energy supply and already contribute significantly to the
energy landscape in Germany with around 31 % of the overall produced electricity for 2016 [1]. However,
they typically depend on fluctuating energy sources such as wind and sunlight and are limited to static, large-
scale applications. Organic photovoltaics (OPV) have received high attention in recent years as an interesting
alternative to conventional solar cells. Using polymer films as active material for energy conversion has a
variety of potential advantages. Photoactive polymers can be synthesized from low-cost, abundant precursor
materials and enable the formation of thin, light-weight and flexible films with tunable color. The devices can
be produced via roll-to-roll processing, an easily up-scalable and thereby low-cost production technique. Due
to these advantages, OPV devices could be integrated into a wide range of applications, combining
functionality with design in fields as diverse as mobility, architecture or clothing.

Recent research efforts focus on enhancing the photovoltaic performance to make organic solar cells feasible
for industrial purposes. This has led to the development of low band-gap materials with reported power
conversion efficiencies nearing 12 %. [2] However, they still show considerable efficiency losses and
drastically decreased lifetimes in comparison to commercially available inorganic photovoltaics. Several
issues concerning the optimal thin film morphology and architecture will need to be addressed to make
organic solar cells a potential candidate for mass market applications. Our work takes a deeper look at the
interface between the photoactive layers of typical organic solar cells and their metal back electrodes.

Although OPYV devices consist mainly of organic materials, their electrodes are in many cases still made from
metals. Thus, polymer-metal interfaces are inherently present in these solar cells. We investigate the
formation of the polymer-metal interface during the deposition of metal electrodes onto photoactive films via
in-situ grazing incidence small angle X-ray scattering (GISAXS). [3] This technique allows for highly time-
resolved insights into the deposition behavior of the metal on the organic film, which strongly depends on the
film structure. The formation processes of gold contacts on different organic layers are compared. Further
characterization techniques such as electron microscopy and UV/Vis absorption measurements complete our
work. Understanding the deposition behavior of metal contacts on organic thin films plays a crucial role in
identifying potential ways to enhance the performance of OPV devices.
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Printing technologies are employed increasingly outside their traditional fields in the graphics industry. They
offer a much less complex and more environment-friendly way to deposit functional films on recyclable sub-
strates like paper and plastic films. The advantages of printing techniques lie in a very high throughput, very
low material waste and low requirements on the substrate.

We investigate inkjet printing, a digital

Inkjet Printin Screen Printin . .
Eth Hig:Ichustomingle(digital) Highﬁlmthicknesges teChmque WlthO!Jt Ch_ang_eov_er costs =2
e omismas  Cowkeasrenens Ccl SCreen printing with fts wider ia-
Sk S e e setup cost terial selection and higher layer thick- =1l
=1 Low ink viscosity Ink waste for small batches  N€SS€S.  Most  functional inks and -
‘ pastes require post-processing like
[w - thermal curing or intense pulsed light gf"[’q_[
(IPL) curing, which employs high- Lo
\ power broad band light pulses to spe- o
cifically heat deposited thin films on Fl9ure 1:inkjet-printed
Figure 2: Advantages and disadvantages of temperature sensitive substrates. Patterns on paper and PET

inkjet printing and screen printing

We developed deposition processes for metals, graphite, and the conductive p | g
polymer PEDOT:PSS to create conductive patterns and combine them with
dielectric polymers as well as semiconductive carbon nanotubes and elastic
PDMS. We investigate the application of these processes to three groups of
electronic devices. The main part of all electronic systems is the wiring with a
conductive material. Thin, highly conductive, and non-interrupted wires that
are printed on flexible or even stretchable substrate are presented. Well-de-
fined patterns are needed for antenna structures like the NFC and UHF anten-
nas that we produce. At last, sensors for temperature, humidity, force, pres-
sure, and several gases _vvi!l be preS(_ented that can be produced directly on the Figure 3: Inkjeted NFC taé on
same substrate using printing techniques. PET film with SMD components

The combination of all these components results in a sensor system consisting of one or more sensors with
the sensing electronics and the communication platform. In comparison to traditional systems, the production
process is much simpler: only a small number of process steps are required, environment-friendly substrates
can be employed, chemical waste reduced to a minimum, and production throughput increased.

s

e

Figure 4: Selected applications from left to right: Conductive wires on a stretchable silicone film; Thin and long electrode
structures for a tamper-evident film; Inkjet- and screen printed force sensor tag with assembled LED indicators; Inkjet-
printed UHF tag with organic photo-diode; Printed modular circuit board with assembled surface mount components
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Increasing the energy density is a major challenge in the development of next generation Li-ion or beyond Li-
ion battery systems.!! There are several interesting novel Li-ion cathode materials like lithium and manganese
rich layered oxides (HE-NMC) or even entirely new cell concepts like lithium or sodium- oxygen batteries
which offer superior gravimetric energy densities but still suffer from severe side reactions limiting battery life.
In many of these high energy density cathode systems oxygen is released during the charge at high
potentials, either as the desired cell reaction (e.g. metal 4.25 — 03
oxygen batteries)?! or as a side reaction (e.g. HE-
NMC)EI,

T T T b T 7 L TT o T
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In a recent publication, we used time and potential 0.2
resolved operando electron paramagnetic resonance
(EPR) spectroscopy to show that a significant fraction of
the oxygen formed during the charging process of an
aprotic Li-O2 cell is evolved in the form of singlet oxygen
(Figure 1). Singlet oxygen is a highly reactive oxygen
species and a strong oxidizing agent which probably
plays a central and long overlooked role in
understanding the irreversible side reactions like carbon sool o o b 0 L

corrosion and electrolyte degradation. 5! #oOs B T?r:e/::i(; L

3.75

Potential /V vs. Li/Li"
An (4-Oxo-TEMPO) /a.u.

3.25

In this contribution, we present our findings regarding singlet
oxygen evolution in Li-O; cells and also discuss the role
which singlet oxygen evolution might play for side reactions
in novel high energy cathode materials like HE-NMC.
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Inhomogeneity in a battery module denotes a gradient of a certain parameter across connected battery cells.
Possible reasons for inhomogeneity in battery modules are unmatched cells showing cell-to-cell variations in
capacity and impedance due to manufacturing tolerances or varying shipping conditions, defective cell
contacts (i.e. due to vibrations in the car), an external heat source next to the battery module or an ineffective
cooling strategy. Inhomogeneity in battery modules can lead to local temperature peaks which may result in
accelerated aging or even failure of a single cell or the whole module.

The aim is to develop a model for investigating the reasons and consequences of inhomogeneity in battery
modules by means of multiphysics simulation. The model should allow for simulating the transient electrical
and thermal balancing behavior of connected cells while considering the physicochemical behavior of the
single cells. This is achieved by coupling physicochemical, electrical and thermal models using COMSOL
Multiphysics 5.2a.

Each cell is represented by a 1D physicochemical model (PCM) and a simple 3D thermal model (THM)
(lumped heat capacity, anisotropic thermal conductivity). The heat generated within the PCM is passed to the
THM, increasing the temperature of the respective cell. This increased temperature is coupled back to the
PCM, where transport properties and reaction rates are adjusted according to the new temperature.

The transient electric balancing between connected cells is integrated by using Kirchhoff's laws (0D ELM). In
order to allow for thermal balancing between the cells, thermal transport mechanisms are implemented within
the THM: Thermal conduction between the neighboring connected cells over the cell connectors, thermal
radiation between the surfaces of cells and cell connectors, and both, natural and forced thermal convection
included by a computational fluid dynamics simulation (CFD).

The presented study investigates two parallel connected cells of different initial SOCs: SOC1=1, SOC2=0.8.
The system is cycled using a 1C constant current (CC): CC-discharge, relaxation, CC-charge while being
cooled by forced convection with vai=3 m/s.
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Future investigations will address the aging behavior in battery modules, thermally optimized battery module
design and cell matching strategies. Moreover, a program will be developed for automatic generation of
coupled multiphysics models. This will allow for simulations of large battery modules.
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Proton Exchange Membrane Fuel Cells (PEMFC) have been the object of increasing attention since they
show great promise as an alternative source of power generation in transportation applications.” However, to
successfully substitute conventional combustion engines, competitive prices, life-time and durability have to
be achieved. Cathode degradation due to carbon corrosion, is a life-time limiting factor taking place during
system start-up and shut-down (SUSD), where a H/air front passes through the anode compartment.?
Amongst others, approaches to mitigate cathode degradation are to decrease the Ha/airande front residence
time and to avoid SUSD events at elevated temperatures.®*

While those and other strategies have largely reduced SUSD induced cathode damage, Mittermeier et al.
recently proposed that repeated SUSD cycling is also responsible for anode degradation.* The potential cy-
cling between =0 V and =1 V caused by the change of gases was assumed to be the main contributor to the
degradation process. While cathode deterioration can be significantly reduced by the aforementioned mitiga-
tion strategies, the impact of anode degradation might increase. In

this study, SUSD induced anode degradation mechanisms are char- 40
acterized and the electrochemical surface area (ECSA) loss as well

as the deterioration of the carbon support are quantified. The ECSA 20
loss at cathode and anode is shown in figure 1a and b, respectively.
In addition, the potential cycling induced by Ha/airanege front is mim-
icked by potential cycling between 0 and 1 V in N2. The potential of
this method as an accelerated test to quantify anode SUSD degra-
dation is determined. 40

- BoL

—— 100 SUSD .
In the second part of the study, the required decrease of the anode qé _288 2328

loading in order to comply with imminent DoE targets (2020 target: g 800 SUSD B
0.125 mgecm™ total loading)® is addressed. At ultra-low anode load- < ,, -;’\-_s — 1600 SUSD |
. - . : . € —— 3200 SUSD

ings (< 0.05 mgricm™), a decreased Pt-particle diameter might be =

favorable to maintain a reasonable anode roughness factor. How- &

ever, small particles are known to exhibit fast degradation rates due
to dissolution, coalescence and Ostwald ripening.! To verify the im-
pact of the particle size on anode degradation mechanisms and
overall SUSD damage, Pt/C catalysts with different particle sizes will
be synthesized and tested in SUSD and voltage cycling.
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The MISTRALWIND project —towards a remaining
useful lifetime analysis and holistic asset management
approach for more sustainability of wind turbine
structures

Christian Geiss
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In the near future more and more onshore wind turbines will reach the end of their designed service life of
twenty years. From an economic and operational perspective, it can be profitable to prolong the operational
activities beyond the original design life. In particular, turbines in the megawatt class bear technical and
economical reserves, which should be yielded for more sustainability of wind turbine technology.
Prospectively it might be possible to operate wind turbine structures longer than thirty years with a service
life optimizing operation and maintenance strategy. The MISTRALWIND project (acronym for Monitoring and
Inspection of Structures of Large Wind Turbines; partners: Technical University Munich, Siemens AG,
Industrieanlagen-Betriebsgesellschaft mbH) focusses its research activities on developing innovative and
reliable methods and sensor systems for analyzing the remaining useful lifetime (RUL) capacities of a wind
turbine structure. The paper is aimed at giving an overview of the first project results in the areas of FEM-
modelling, wired and wire-less sensor technology, non-destructive testing techniques, fatigue mechanisms
and integrating information from monitoring and inspection into the turbine’s controller, and probabilistic
models for optimized operation and maintenance strategies for wind turbines. The methods developed here
can be transferred to other structural systems — e.g. civil engineering structures or aerospace structures — to
optimize their operation and maintenance strategy.
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Climate change and resource shortage require new construction strategies to achieve more sustainability
within the building industry. The total amount of energy consumed by a building during its lifetime is called
“grey energy” and implies the energy needed for its construction, utilisation and demolition. Huge effort is
being put into minimisation of energy consumption during the utilisation, whereas possible energy saving
potential during the construction and demolition phase is not sufficiently investigated yet.

In this thesis energy saving potentials during the construction phase and the demolition phase are identified
for a reference laboratory building, which is the Center for Applied Energy Research (ZAE) in Wirzburg. Two
construction concepts, “ZAE classic” and “ZAE future”, are presented and compared to the original concept
“ZAE real” regarding the energy consumption of the building throughout its entire lifetime by a life cycle
analysis (LCA).

The LCA is based on the calculation of the global warming potential (GWP) which is carried out using the
online tool eLCA provided by the Federal Institute for Research on Building, Urban Affairs and Spatial
Development (BBSR). A comparison of the GWP of the new concepts and the original construction allows to
draw a conclusion which concept offers the most energy saving potential compared to the original
construction. The thesis reveals that “ZAE future” achieves a GWP saving potential of 48,7 %, whereas the
application of the “ZAE classic” concept leads to an increased GWP of 7,5 % in comparison to “ZAE real’”.

Celine Nickl
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Renewable energy sources gain more and more importance in many countries, especially in Europe. On the
one hand, this change promises an independence from fossil fuels and nuclear power, on the other hand, it
requires a restructuring of the energy systems in terms of usage, expansion and control. In contrast to large,
centralized conventional power plants, renewable energy can be generated by smaller units that are built in
a decentralized manner. Additionally, the fluctuating nature of renewable energy resources makes it harder
to synchronize peaks in generation and demand and adds a new level of uncertainty to the power system.

‘ wind+ PV ===-demand ——residual load (demand - (wind + PV)) ‘

These changes require the development of new 1o,
methods to analyze and plan energy systems: The
feedback from a city’s decentralized power system
needs to be taken into account while optimizing an
aggregated model of a whole country, and vice
versa, in order to obtain an accurate result.
Furthermore, large fluctuations in the output of
renewables require a high resolution with respect to
time. Storage facilities can be used to offset these
fluctuations, linking dispatch decisions between ~ “°] Men T wes T Fi  sat s
different time  periods. Together, these -0
requirements lead to large system models, which
currently available optimization methods cannot
solve easily within a reasonable timeframe. As a result, they are often sacrificed in favor of faster computation
times, leading to inaccurate results.

power [GW]

The project DecEnSys (Decomposition of energy systems for modeling decentralized power supply systems)
approaches this tradeoff between accuracy and computation time from a new perspective. Decomposition
techniques allow for large optimization problem to be split into smaller subproblems along the time axis as
well as regionally. This not only improves computation times by reducing the problem size, the added flexibility
furthermore permits to tackle each particular subproblem by a solution method suited best for its particular
structure and properties. On this idea, we build an open framework, which allows to combine subproblems of
different types. The framework, as well as all the system data acquired for evaluation runs will be made
accessible on a suitable open-source platform.

On our poster, we present the structure of the above

framework as well as its application to a prototypical
Temporal Master Problem [REAEEIDA choice of models. We _also propose modlflce}tlons to
N/ ry well-known decomposition methods from the literature
AN that allow us to take advantage of particular problem
:.primal/dua\ informatTon\: \jpr\'mal/dual informationi\ structures encountered in
problems from the domain of ~ S‘Ported™
imizati Federal Mini
-~ — power system optimization. 4 | e tme ks
Finally, we present some and Energy
Temporal Subproblem preliminary results from their
application to our prototypical on the basis of a decision
mOdeI Set-up. by the German Bundestag
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Motivation

One of the major contributors to failures of wind turbine
systems is the back-to-back converter [1]. There are
several reasons for faults in the converter (e.g. driver
failure, bond wire lift off, etc.), but as a consequence
usually one of the switches (IGBTS, etc.) does not close
anymore [2]. This is called an open-switch fault. In
particular for remote or off-shore sites (where
maintenance or component replacement is time-
consuming), it is crucial to know whether this fault
forces the wind turbine system to shut down.

Methodology & results

To model such an open-switch fault, the semiconductor
switches are modelled as ideal switches and the anti-
parallel diodes are also assumed to be ideal, see Fig. 1.
For an open-switch fault in switch S;—for other switches
the impact is analogue—the applicable output voltages
of the inverter depend on the sign of the current 2 in
phase a. For i# < 0, the whole voltage hexagon is
available (like in the fault-free case); for i = 0 the area is
reduced; and, for i# > 0, even more, see Fig. 2. The
reduced output voltage area affects the resulting currents
in the electrical machine, see Fig. 3. The currents are
deteriorated; e.g., the positive half-wave of i# has a
reduced amplitude.

This poster will present a generic mathematical model of
a back-to-back converter which allows to consider open-
switch faults and to investigate the impact on the current
control system, torque generation and the overall wind
turbine system
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Today more than half of the world"s population already lives in an urban environment and this trend will even
be increased to 70% by 2050 [1]. Therefore, a well-balanced energy management is necessary to keep the
urban areas sustainable. In the United States over 40% of the energy consumption can be traced back to
building utilities, of which cooling and heating are the main contributors [2]. Novel, ecological concepts for
cooling have been proposed in the past years, mostly based on passive systems that are directly integrated
in the roofs or the facades of the buildings. These systems demand autonomously adaption to fulfill the short-
period need for cooling. Wet and/or cool conditions appear at least once per day in most latitude areas and
therefore cooling is only required between noon and midnight. A promising approach for self-cooling building
is sweating [3]. For example, mammals were able to life under environmental conditions of more than 25°C
above their body temperature since they had the ability to sweat. With the transformation of this capability
towards buildings an environmentally friendly way of autonomous cooling can be achieved.

A simple and highly efficient way to cool buildings would be to use thermo-responsive polymer thin films as
smart surface coating since they undergo a phase transition at their lower critical solution temperature
(LCST). Below the LCST, polymer-solvent interactions are favored and H,O molecules from the surrounding
diffuse into the polymer film. However, once the LCST is exceeded, the polymer becomes more hydrophobic
and water molecules are released out of the polymer film. The released water molecules evaporate and the
building is cooled down by evaporative cooling. Dependent on the composition of the polymer the LCST is
tunable within a broad temperature range and the absorption as well as desorption of water molecules are
reversible. In order to establish such thin polymer films in smart surface coatings a fundamental
understanding in the kinetics is needed. The most prominent representative of thermo-responsive polymers
is poly(N-isopropylacrylamide) (PNIPAM). Therefore, we analyze a new PNIPAM-based block copolymer via
neutron reflectometry. With this sophisticated technique we are able to follow in-situ the swelling behavior
and determine the underlying fundamental processes.
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Motivation

In power systems like overhead power lines, grid faults or unbalanced loads can lead to a highly distorted or
unbalanced grid. In order to ensure a stable grid, distortions or unbalanced operations have to be avoided.
Therefore, a decomposition of unbalanced quantities like voltages or currents in balanced quantities is
necessary. This decomposition is called method of symmetrical components, which was firstly presented by
Fortescue [1] and later on modified for single-phase applications as reported in e.g. [2], [3], [4], [5], [6], [7]. If
the phases are distorted by harmonics or a constant offset, a decompaosition is no longer possible. So, these
distortions have to be detected and compensated for. Additionally, for an online detection of symmetrical
components, the quadrature signal of the phase quantities are needed.

Methodology

This poster proposes an algorithm for detecting phase parameters based on a Second Order Generalized
Integrator (SOGI), which is also called Adaptive Notch Filter (ANF) for generating the quadrature signal [6],
[8]. Since a SOGI needs a reference frequency to compute the quadrature signal, another disturbance is
found if the reference frequency does not match the actual frequency of the phase quantity. So, for computing
the symmetric components, the signal has to be analyzed with respect to frequency, harmonic and dc
components. Frequency detection can be achieved by a Frequency Locked Loop (FLL) [6], [7], [8] or a Phase
Locked Loop (PLL) [2], [9]. DC offset estimation was reported in [4], [10] whereas extraction of harmonics is
considered in [11], [12]. Different approaches for detecting phase parameters without SOGIs are mostly
based on delay blocks [5], [13].

Since this work deals with online detection of positive, negative and zero sequences, noise has to be
considered as well. Therefore, this poster presents a unified method for calculating dc offset, fundamental
frequency, harmonics, phase angles and amplitudes whereas a low pass filter (LFP) is included to eliminate
nose effects.

Results

Simulation results show that a single-phase quantity of any form can be split up into fundamental frequency,
amplitudes of the harmonics, constant offset and phase angle. Furthermore, symmetric components are
calculated using the in- and quadrature signals. These presented results are also verified by measurements.
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Motivation

The doubly-fed induction machine (DFIM) is one of the most common generator topologies in large-scale
wind turbine systems (WTS). Around 50% of the installed onshore WTS in Germany 2013 [1, p.31] come with
this generator topology. Fig. 1 shows the components of such a WTS. It consists of turbine, gear box, DFIM,
back-to-back converter, transformer and electrical filters. The stator of the DFIM is directly coupled to the
electrical grid via the transformer and its rotor is connected to the back-to-back converter via an LC filter,
which reduces the harmonic distortion of the rotor currents and voltages. To control the mechanical torque
(or mechanical speed, resp.) and the reactive power of the DFIM, underlying rotor current control loops can
be used.
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Methodology

For that, this poster discusses model predictive current control with analytical solution, which (i) ensures
global optimality and (ii) allows for high prediction horizons in comparison to finite-control-set model predictive
control (MPC) [2],[3]. Long prediction horizons are—despite the increasing computational power of standard
real-time systems—still not feasible in general but are important; both to guarantee closed-loop stability (e.g.
for minimum-phase systems [4]) and to improve the control performance [5],[6]. For all MPC methods steady-
state accuracy cannot be ensured in general. Therefore, to achieve steady-state accuracy, the system is
augmented by an integral error feedback (IEF) term which can be included in the existing MPC theory and
does not endanger closed-loop stability [7].

Results

Simulation results illustrate the good control performance of the model predictive current controller with
analytical solution (even for significant changes in the magnitude of the grid voltage). Moreover, they clearly
show the improved control performance of MPC with IEF compared to MPC without IEF: Steady-state
accuracy is achieved although varying disturbances act on the closed-loop system.
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This project is ascribed to develop a relatively cost-effective module in order to analyse the electrical energy
consumption through a convenient interface of android application. Although in the current age, there are
smart prepaid meters serving the very purpose, the module created is merely a slight modification to the
existing single phase digital energy-meter and serves as a cost-efficient model. The approach mainly consists
of two major segments: one being to develop a hardware equipped to interact with android phone easily and
other being android application with decent features that would analyse and present data to the costumers.
The complete overview of this has been given in this paper.

The hardware basically consists of a pulse retrieving circuit. The
CalLed of the energy-meter is tapped directly from the meter and
fed to a microcontroller. The microcontroller counts the number of [ 5 @i

pulses received and translates it as the power consumption in KWh. Selegt gn ORflon
This computed power consumption is projected onto a website e Daabose|
embedded in the IC which is accessible through the android
application.

The android application, extracts the power consumption data from
the website. The data collected over a week is then analysed and
a prediction of the monthly and yearly consumption is made using
linear projections.

Following are the domains where this set-up can be utilised:
1. Smart Real time awareness for consumers to optimize
consumption and reduce wastage of energy.
2. Test Bench for implementing Demand-side Control
Algorithms.

. MeterReader

The future scope for this project would be:

1. Integration of this meter onto a smart home automation
environment with specific real-time energy saving solutions
to the consumer.

2. Test artificial intelligence algorithms wherein smarter
suggestions to the consumer can be provided based on the
pattern of energy consumption specific to a consumer.

Enter the year
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arbon Capture in the UK: Factshee Water-Energy Nexus m

Presenting a breakdown
of the required cooling
duty by taking into
account the plant’s
capacity, steam cycle
and operating
conditions and
classifying the potential
of cascading cooling
water .

Evaluating the
cooling demand
of an amine-
based post-
combustion CO,
capture process
integrated with
a coal-fired
power plant.
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The UK has Electricity from the power
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In conjunction An additional CCS
with other Water usage | plant could result in a
technologies, CCS | at fossil fuel | significant increase in
leads to a power the associated
minimised overall | stationsis | cooling requirements
costs of electricity | considerably | leading to an surge in
supply in the long high [3]. the localised water
run [2]. usage,

reduce the CO, | of the biggest into the
emissions by | single emission atmosphere can
80% from 1990 | sources of CO, significantly
levels by 2050. | (25% of total) [1]. reduce CO,
emissions.
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The results are in contrast to The temperature at which cooling is
previous suggestions that the required varies appreciably
addition of CCS would double the | throughout the integrated capture
water footprint. process plant.

Integration of a cooling water cascade

can result in a reduction in the cooling

water requirements of a decarbonised
power plant.

The increase in cooling duty (MW) does

not necessarily lead to an increase in
cooling water usage (kgy,o/MW).
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The architectural design of new buildings is using more frequently large-scaled glass facades or similar
transparent constructional components. Especially in office buildings, where visual connection to outdoor
areas creates comfortable working spaces [1] and maximizes daylight in the room, simultaneously reducing
the need for artificial lightning. However high glass surface area of the buildings’ will result higher internal solar
gains, causing higher cooling loads. At the same time, there is a huge interest to provide energy-efficient and
sustainable energy supply for buildings, that needs multiple innovative ideas in the design and implementation
of modern buildings.

Recent investigations focus on the passive
cooling supply of a virtual single office room, a..aww * outdoor i
with passive house related construction ”
standard, located in Munich. Nocturnal
radiative cooling is used by a flat plate collector
to provide cooling power at night, that
refrigerates water in a thermal energy storage
(TES). Chilled water in the TES provides a heat
sink by day. Then, it is used to cool down the
investigated single office room with the ceiling
cooling and the mechanical ventilation when

office model

cooling coil &

ventilation

Il

there is a cooling demand at daytime. Figure 1 O ciing coing
shows a simplified technical schematic TES &) \ /
diagram of the cooling supply concept. A e

sufficient cooling for the office room is crucial,

where among other things the dependency of

the collector area, the TES volume and the room area is investigated. The plant concept is simulated with the
thermal building simulation tool TRNSYS 17 using Genopt to optimize the parameters of the system.

First results confirm the plausibility of such designed cooling concept which makes it possible to satisfactorily
temper the room in the entire cooling period. The applied passive cooling needs, in comparison to active
cooling systems (e.g. conventional compression 2500

refrigeration), only a minimal amount of electrical energy.
It is shown that radiative cooling can be applied in
Munich’s moderate climate. Possible generation of solar
heating power (even electrical power using PVT-
collectors) by daytime supplying the energy demand for
the whole year is investigated in a parallel study. The
findings of the dependency of the plant dimensions can
later be used in a combined cooling and heating system.
The investigation carried out are based on a virtual room, Soe-ol
the consideration of this study can be taken into account
for buildings, residential areas and future energy
concepts.

2000 A = - - v=0,5m3
V=1,46m3
N V=5m3

1000 N

500 ~

quantity of hours over 26 °C in the
office during the cooling period [h]

o

flat-plate collectorarea[m2]
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China’s economy is growing rapidly in the current time, due to which the transportation industry is also
growing fast. People are getting more concerned about the energy issues because of this rapid growth in the
transportation industry. Development of an efficient public transportation system can be a better solution to
reduce the energy consumption. The usage of bicycles is also growing to reduce the fuel consumption.
Shanghai is currently the biggest user of public bicycles in the world.

This study will conduct a random sampling survey on two dwelling
districts in Shanghai in 2015 and 2016 to analyze the changes in citizens’
mobility options and how the usage of energy has been affected by an
increase in people’s affinity towards public transportation systems. This 7.
study will also analyze how the increase in the usage of public bicycles
or sharing bicycles (Figure 1) will lead to an efficient utilization of public
transport. It can be used as a single transport or combined with other
public transportation vehicles.

Figure 1: “Mobike” sharing bicycles

The governmental public bicycles were good and people used to use it often but they have fixed station from
which it can be picked and returned. The new mode of bicycle sharing system provides the flexibility of parking
the bicycles anywhere. Due to the flexibility provided by the private companies, people are using the sharing
bicycles more often. The smart bike-sharing service are based on “Sharing economy” and “Internet
Technologies” which leads to strong liquidity and have eliminated the difference between places having
different numbers of bicycles stations. (Figure 2)

municipal \-
bicycle
system
o efficiency of public
publlctblcycle transportation + energy saving
renting system
bicycle
sharing
system ++

Figure 2: structure of efficient public transportation system
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sharing bicycle
transportation system
energy consumption
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As electrification advances as a trend in the automotive industry to cope with stringent emission and fuel
consumption requirements, energy efficiency of electrical drives becomes a central issue. Since highly
anisotropic and saturated synchronous machines are widely used in these applications, due to their inherent
cost and performance advantages, the development of strategies for improving their efficiency has a
significant impact on the aforementioned aspects.

The Maximum Torque per Ampere (MTPA) strategy and the Maximum Torque per Volt (MTPV), which consist
at minimizing the total current and voltage respectively, are used in order to maximize the machine efficiency.
These two strategies are dependent on temperature, aging and the machine itself, making their application a
challenging task. To deal with these dependencies, a novel numerical approach is developed by considering
the effects of saturation and cross coupling in the machine through the use of the differential inductances.
The solution is capable of delivering results online and its convergence rate and limits are analytically proven.

Fig.1 and 2 prove the effectiveness of the proposed method for two different synchronous machines, while
showing that state-of-the-art methods fail to reach the energy optimal operation points in both cases. In Fig.
1c and 2c, it is possible to see that the proposed MTPA and MTPV approaches can lead to 15% and 42%
loss reductions for Machine 1 (PMa-SynRM) and 5.8% and 2.5% for Machine 2 (RSM) at low and high speed
respectively.
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Figure 1a and 1b: Current loci for MTPA strategy; Figure 2a and 2b: Current loci for MTPV strategy;
Figure 1c and 2c: Copper and Core loss reduction for MTPA and MTPV strategies.

Bonifacio, J; Kennel, R.; “On considering saturation and cross-coupling effects for copper loss minimization on highly anisotropic synchronous
machines”; International Conference on Electrical Machines and Systems (ICEMS’16), Chiba, Japan, Nov. 2016.
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Geothermal energy is expected to play an important role in the German power transition. State-of-the-art
geothermal technology is capable of providing base load power, of using heat directly, and of coupling the
heat and power sectors. Although several studies have established the existence of hydrothermal resources
in Southern Germany, a region that partly lies on the Molasse Basin, the amounts of power and heat that
could be generated and their geographical distribution remain largely unknown. Yet, such information is
crucial for the optimization of the energy system expansion and operation which relies on models with a high
spatial resolution.

In this study, key reservoir parameters are used in a GIS-based Monte Carlo simulation to estimate the
probable range and spatial distribution of the technical potential of hydrothermal energy in the Bavarian
region. A sensitivity analysis, where the uncertainty of the geological variables is characterized using different
probability distributions, is also performed allowing the uncertainty of the results to be quantified. The
assessed technical potential is then aggregated on a municipal level and validated with data from existing
geothermal projects.

Whereas a thorough reservoir characterization is needed before any geothermal exploration is conducted,
priority should be given to areas identified with high potential and low uncertainties.

Key words: Hydrothermal energy; GIS; Monte Carlo simulation
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Coupling local energy consumption with local energy production offers opportunities for the integration of
renewable energies and CO2 emissions reduction in the heating sector. Calculating the spatiotemporal
heating energy demand is key to identify potential improvements in the urban energy system. Heating energy
demand is influenced by building geometry, building usage, building construction materials, weather
conditions and user behavior. Such building-specific information is often hardly available making a detailed
thermal demand estimation at the urban scale an arduous task. We propose a methodology to generate
heating energy demand profiles based on open-source data overcoming the challenges of availability of
building-specific data. Additionally, the spatial and temporal dimensions are considered simultaneously and
the influence of occupant behavior in the heating energy demand is also taken into account. The proposed
model is used to predict the heating energy demand of a municipality in Bavaria, Germany and the results
are validated against real production data of the local district heating system.

Key words: heating energy demand, open-source data, urban energy
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Energy storage simulation tool SimSES
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Due to the new challenges in power grids
and falling costs of energy storage
systems, the technical and economic
suitability of these technologies is
presently under discussion for the various
stationary applications. However, there
are numerous technical degrees of
freedom in the storage system design that
can be optimized, such as the choice of

energy storage technology or the
technical sizing of the individual
components. In order to be able to

investigate these and other technical
questions concerning stationary energy
storage systems, the software-tool
SIMSES, has been developed at the
institute of Electrical Energy Storage
Technology at the Technical University of
Munich.

Figure 1: Structure of SIMSES software tool

SIMSES enables a detailed techno-economic simulation and evaluation of stationary energy storage systems
with the current main focus on lithium-ion batteries. Various applications of stationary energy storage systems
can be simulated, such as, for example, the self-consumption maximization in households with PV systems,
the grid-relieving operation by peak load reduction, the provision of control power, the arbitrage trading in the
electricity market or the combination of different applications. Simulation scenarios and technical components
of the energy storage system can be selected as desired. Load profile characterization enables estimation of
storage degradation factors. Various aging models can be selected according to the storage technology of
choice. Detailed battery models are parametrized using aging experiments conducted at the institute. In order
to optimize the utilization of the energy storage in the different applications, various operating strategies are
implemented. At the same time, the calculation of economic key performance indicators allows the
assessment and comparison of the simulation results.

The simulation tool SIMSES has already been used in various publications for the analysis of the applications
"PV home energy storage system" [1-2] and "primary control reserve" [3]. In addition to the development of
optimization methods for improvement of the storage operation and component sizing, the application
scenarios "island grid" and "vehicle-to-grid" will be integrated in the simulation framework. The mid-term goal
is to make SImSES available for non-commercial usage and further development as an open-source software.

[1] Naumann, Maik; Karl, Ralph Ch.; Truong, Cong Nam; Jossen, Andreas; Hesse, Holger C. (2015): Lithium-ion Battery Cost Analysis in PV-
household Application. In: Energy Procedia 73, S. 37-47. DOI: 10.1016/j.egypro.2015.07.555.

[2] Truong, Cong; Naumann, Maik; Karl, Ralph; Miller, Marcus; Jossen, Andreas; Hesse, Holger (2016): Economics of Residential Photovoltaic Battery
Systems in Germany. The Case of Tesla’s Powerwall. In: Batteries 2 (2), S. 14. DOI: 10.3390/batteries2020014.

[3] Zeh, Alexander; Miller, Marcus; Naumann, Maik; Hesse, Holger C.; Jossen, Andreas; Witzmann, Rolf (2016): Fundamentals of Using Battery
Energy Storage Systems to Provide Primary Control Reserves in Germany. In: Batteries 2 (3), S. 29. DOI: 10.3390/batteries2030029.
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RESEARCH APPROACH
In 2015, the German federal government presented the Energy
t —» 80 % Demand reduction Efficiency Strategy for Buildings. As an important pillar of the national
— Renewable energy energy and climate policy it formulates the way towards a virtually
climate neutral building stock: by 2050 the primary energy demand of
the building stock has to be reduced by 80 percent against 2008 through
Fossil energy sources a combination of energy savings and the use of renewable energies
(Figure 1) [1]. Thereby the concept includes technical and energy
aspects as well as overarching aspects like the interaction between heat
and electricity. The research project CleanTechCampus picks up the
resulting need and aims to develop an integrated transition concept for
the Garching Campus. This offers the opportunity to analyze the energy
efficiency potentials of educational buildings which are intended to pose

examples on the way to the climate neutral building stock.

Climate neutral building stock 2050:

Building energy needs

>
2008 2050

OBJECTIVES

Within the task to estimate the energy demand and its parameters the broad variety of the building structure
at Garching Campus poses major challenges. Although the energy-system-model requires load profiles of
the heat demand in a high temporal and spatial resolution a transient calculation of all buildings is neither in
effort nor in variability appropriate. Due to the interactive project methodology a method for creating
parametric and transferable load-profiles for non-residential buildings should be developed on the basis of
non-transient energy demand calculations.

METHOD

The main parameters of the energy demand can be identified
using the non-transient calculations which were done for almost  ~

all buildings in the first part of the project. Depending on the

building age class the impact of transmission losses is high for

older buildings while the type of use dominates the energy :

demand of the younger buildings. Based on the first results the i«
energy demand parameters in different areas of use are analyzed
more deeply using transient calculations. Here, parts of the
buildings were investigated separately to optimize the
confirmability of the results. The gained standardized and
parameterized load profiles (Figure 2) will be super-positioned up
to the building scale and further varied in the different energy
demand scenarios of the Garching Campus.

PROSPECTS:
The method will be applied to several buildings with different characteristics in order to get detailed insights
into the buildings energy demand structure and the resulting efficiency potentials.

[1] Federal Ministry for Economic Affairs and Energy (BMWi) 18.11.2015: Energy Efficiency Strategy for Buildings
[2] Federal Ministry for Economic Affairs and Energy / Federal Ministry for the Environment, Nature Conservation, Building and
Nuclear Safety 23.01.2017: Consultant’s draft building energy law
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Residential electro-thermal heating systems are promising candidates to better integrate excess electricity
generation from renewable energy sources, but may also add additional stress to existing grid infrastructure
during peak load times. Heat pumps in combination with storages and the thermal mass of buildings can offer
a certain load-shifting potential without seriously affecting the residents’ comfort. Classic grid planning
strategies lack an appropriate incorporation of the flexibility such loads may offer and may often lead to
overinvestments in infrastructure. There is a need to better understand the local effects of heat pumps on
distribution grids and how demand-side management (DSM) mechanisms can be integrated into robust grid
planning strategies.

The presented bottom-up approach creates . rpe—

simplified resistance and capacitance (RC) -building types B ol DSM Strategy
models to represent the dynamic behaviour of = [ heatingsystems

each building. The dynamic representation of | Buildingstock
the individual buildings enables to test DSM | s mbace ”
strategies. An uncoordinated model predictve —— —

control strategy (MPC) for each building to

minimize energy consumption is compared to a

distributed approach (DMPC) to respect both

local goals of the buildings and the global goal

of the distribution system operator (DSO) to

flatten the aggregate load profile.

| RC-model N

. li=dz+Bu+Ed MPC,
RC-model 1 I . DMPC

¥=Ax+Bu+Ed|

The simulation results demonstrate how the aggregate
residual load curve of all buildings can be optimized towards
a grid-supportive operation to avoid overloading at the
transformer. Communication infrastructure is reduced and a
certain level of privacy maintained, due to the distributed
communication mechanism and the parallelized optimization
of the individual buildings.
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The changes that are occurring within the energy sector such as greater penetration of distributed generation
and the increasing electrification of the heating and transportation sector result in the need for more flexible
energy systems. As a powerful provider of flexibility, one can assume that electrical energy storage will play
a much more significant role in future energy systems. Within this work the aim is to investigate the most
important aspects of the integration of energy storage and their effect on one another to create insight about
how to best integrate energy storage.

The three main aspects to consider are, a) optimal planning, b) operational strategies, and c) future markets
and flexible pricing schemes.

Regarding optimal planning the objective is to develop an algorithm that calculates the optimal size and
location of storage units within a given distribution grid. The difficulty in modelling electrical grids is that energy
storage introduces time interdependency, and therefore it is important to have accurate predictions of local
generation and loads.

Investigation into operational strategies is particularly important for residential storage, because it can be
shown that coordination of energy storage units can greatly increase their utility. However to coordinate
storage units there needs to be information exchange which can pose several problems. Besides the physical
infrastructure required for data exchange, the issue of privacy also needs to be considered. Therefore it is
valuable to minimize the actual amount of household data that is shared, whilst still managing to coordinate
the households. Since the use of centralized control is not realistic because of the problem size and the
amount of data exchange required, the focus is on development of distributed control, where each unit is
controlled independently with minimal communication between units. A Distributed Model Predictive Control
(DMPC) is developed and demonstrated, where Local Controllers (LC) communicate minimally with a
Centralised Controller (CC) to coordinate the storage operation of several Residential Energy Systems (RES)
with loads and PV generation. The optimization results of a 24 hour trajectory is shown in Figure 1.
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The design of battery applications depends strongly on the power and energy

of the storage. These parameters are limited by the properties of the cell. Large L L
storage systems comprise many small cells. Tesla, for example, uses 7.104 .
cylindrical 18650 cells for the 85 kWh version of its Model S. In most applica- - %
tions, the cells are connected in parallel and series. =
The approach shown in this poster combines cells with high power (HP) and wpcell  HE cell
cells with high energy content (HE) to gain a further degree of freedom. In Fig- LG Panasonic

ure 1 the used 18650 cells can be seen. A storage system with two strings was ICR18650HB2 ~ NCR18650PF
constructed. The string with HP cells uses 5 parallel 96 series (5p96s) connec-  1-5AhIn,=30A 2.9 Ah 1,,=10/
tion, the HE string is designed as 10p96s. As the HE cells have around twice

the energy content ratio of the HP cells, the energy content of the strings is 4:1.

Looking at the impedance, it is the contrary. The HP cells have on cell level

around half the impedance of HE cells. On string level, the impedance of the two strings is about the same.
Depending on the cell parameters impedance and capacity, the current distribution between parallel con-
nected cells is not equal distributed. As the cells are connected in parallel, the voltages of both strings are
equal, states of charge (SoC) diverges. Impedance differences lead to short term unequal currents and ca-
pacity differences lead to long term current differences [1]. This means that the C-rate (current in relation to
capacity) of the HP cells is disproportionately high for dynamic load profiles and the HE cells carry the biggest
share of the total current.

The HP string contains about 20 %
of the total capacity. While the stor-
age is discharged fully, 20 %
comes from this string. To see the
effects in a dynamic load profile,
the system is loaded by a drive cy-
cle recorded in Stuttgart (Figure 2).
The storage system completes the

Stuttgart profile: recuperation Stuttgart profile: propulsion cell voltage at cycles 1-5

»

EN

w
©

cell voltage / V
w
©

w
Y
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5 5 o1 Cycle 4 1 power in high dynamic parts. As

— - 5 il . the energy content of HP cells is
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normalized charge throughput HE/HP normalized charge throughput HE/HP time/h

the strings becomes bigger while
discharging. Therefore, the charge
throughput of the HP cells is higher
than the ratio of the capacity of the HP sting. HE cells are strongly limited in terms of current because high
currents lead to accelerated degradation [2]. This is an indication for a longer lifetime of this cell combination.
In contrast, current flow between the strings leads to about 10 % more charge throughput in total.
As HP and HE cells of the storage system are combined in 1:2 ratio, an experiment on cell level with one HP
and two HE cells can emulate the performance of the system. Measurements on cell and system level are in
good accordance.
[1] Brand, M.J.; Hofmann, M.H.; Steinhardt, M.; Schuster, S.F.; Jossen, A.: Current distribution within parallel-connected
battery cells, In: Journal of Power Sources, S. 202-212, 2016

[2] Schuster, S.F.: Reuse of Automotive Lithium-lon Batteries: An Assessment from the Cell Aging Perspective, Miinchen,
2016
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Multi-storey residential buildings provide high potential for solar-assisted local district heating. Current
research projects focus on the utilisation of large seasonal storages to achieve a solar fraction of above 50
%. However, for retrofitting densely built-up urban areas, the feasibility of solar district heating is often
restricted by the limited space available for collector arrays and heat storages. Moreover, high storage
capacities come with high investment and heat production costs. These drawbacks impede the applications
of seasonal storage concepts in existing urban areas and hinder the dissemination of large solar-thermal
systems.

This project aims to tackle these challenges by investigating a novel solar district heating design based on
distributed solar collector arrays and thermal heat storages in multi-storey residential buildings with bi-
directional heat distribution capability and the intelligent interaction of these components. The study will
examine the network design and yield optimisation of such a system in various urban contexts. Within the
project, a real district heating network in Ingolstadt was equipped with decentralised solar thermal plants
(Figure 1). These plants provide either a local use of the solar gains for domestic hot water preheating, a pure
feed in to the district heating network or a combined solution. Annual solar yields between 280 and 660
kWh/m2 were reached in the simulation.

Throughout the last months, an acquisition of detailed metrological data of weather conditions as well as
temperatures and heat flows in the network was conducted. This allows, besides the comparison of the
performance of the different plant types, the validation of the simulation models. The validation shows a good
accordance of the model to the real data. Nevertheless, the solar yields of the real plants are behind
expectations, as the temperature levels are higher than expected due to an unbeneficial operation of the
existing network. Based on the validated models, possible improvements of the control strategy and an
outlook on the solar yields during a complete year of operation are derived.

In a further step, a simulation-based test of more advanced control strategies with an intelligent distribution
of the solar yields will be conducted. During this investigation, plants sizes, plant numbers and the basic
configuration of the district heating system will be varied within the scope of a sensitivity analysis of the
approach.
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Figure 1: Investigated district heating system with positions of
solar thermal plants
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The application of polymeric materials within the context of solar thermal systems promises a significant
reduction of both investment and operating costs. Compared to metals, which are typically used in the solar
thermal industry, polymeric materials have a reduced pressure resistance, especially in combination with high
temperatures. For optimal utilization of polymeric materials, the lower pressure resistance must be
compensated on system level, e.g. by means of a drain back system (DBS). The aim of this study is to
evaluate the technical and economic performance of such a DBS for domestic hot water preparation in a
single family home. Therefore, the Levelized Cost Of Heat (LCOH) of a typical DBS are determined and
compared to a conventional solar thermal system.

The basis for this investigation are experimental results,
which have been obtained at an outdoor system test rig
at the Insitute of new Energy-Systems in Ingolstadt. A
collector array made of polymeric solar thermal
collectors (45°, south orientation) with an overall area of
2.3 m?is connected with a 500 | storage tank. Between
the collector array and the storage tank, an additional
80 | volume is used as a drain back storage. A 9 kW
backup heater heats up the storage tank in case of
insufficient solar irradiation. The generated heat is
consumed according to a typical load curve for single
family homes (VDI 4655). A schematic setup of the test
rig is shown in figure 1. The experimental results of the
system test have been the basis for a numerical model,
which is used to predict the annual energy demand and
the annual solar yield of a typical single family home. In
addition, a conventional solar thermal system was
investigated with this numerical model in order to
compare the annual solar thermal yield of both systems.

Due to the lower efficiency of the polymeric collectors compared to the metal collectors, more modules have
to be installed in order to obtain comparable solar thermal yields. On the one hand, this yields higher
installation costs, on the other hand the investment costs of polymeric collectors are approximately 30 %
lower compared to the investigated metal based collectors. To quantify the different parameters of both
systems, the LCOH have been determined, taking into account investment and maintenance costs as well as
the different annual solar thermal yields. The results indicate that DBS with polymeric collectors can provide
a cost advantage compared to conventional solar thermal systems. However, a further cost reduction both
on component and system level is necessary to further disseminate polymeric DBS.
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Motivation

Electric submersible pumps (ESP) are deployed in deep geothermal systems in order to lift geothermal fluid
to the surface. High production rates and harsh environmental conditions put severe chemical, thermal and
mechanical strain on the electrical and hydraulic components of the pump, leading to frequent failure and
high maintenance costs [1]. This subproject of the Geothermie-Allianz Bayern research project aims to
increase pump lifetimes by

(i) Developing a model-based condition monitoring system for early warnings of imminent faults and

(i) Enhancing the control algorithms for improved efficiency and robustness of the system.
As a first step, a detailed dynamical system model has been derived. Based on this model, objectives (i) and
(ii) will be pursued, accompanied by simulations allowing for offline testing of the derived algorithms and
visualization of the system response.

Modeling of an ESP system

Mechanics

Current dynamics

The dynamic system model of the ESP has been [ Electronics
Flow dynamics

derived using a system theoretical approach Speed dynamics
(white-box modeling), which involves deriving the s = £ (1w, 1) Lo = folisw, Q) 4Q = f3(w. Q)
differential equations, that describe the physical - 1 l l

Hydraulics

processes acting inside the pump system (see
Fig. 1). The system model comprises three different - 8

. . Nonlinear state-space model
physical subsystems, i.e. U . .

. . sed for simulations

* hydraulic subsystem (fluid flow), L . .

« mechanical subsystem (shaft rotation), ax = fxuw),  x=[,wQ, u=u

+ electrical subsystem (current flow), Y glx, ) J
which are interconnected, since energy is
exchanged. The coupled subsystems can be

(. N
1 linearization

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

described mathematically using a nonlinear state- Linear state-space model .
space representation. This representation allows Used for system analysis |
for simulations and further analysis, e.g. by dAx = AAx+BAu, !
linearization of the system at specific operating Ay = CAx+DAu !

points. In order to perform actual simulations, the ‘--------------~-~ -~~~ -~ - - -
gualitative model must be parametrized by means

of real system data, such as power curves or

measured parameters provided by manufactures

and operators.

The model covers the following components: centrifugal pump, shaft (multi-mass system), 3-phase AC
induction motor, power cable, sine filter and multilevel converter.

References
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