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E.ON Energy Research Center

Univ.-Prof. Dr. ir. Rik W. De Doncker

Preface
This first annual report of E.ON Energy Research Center (E.ON
ERC) contains more than the typical outline of previous year
activities. Indeed, the time span that this report covers is well
over twelve months as the founding date of the center at RWTH
Aachen University dates back to 2006. In addition, we assume
that the interested readers would like to be informed not only
about the wide variety of research projects that were initiated
since 2007, but also would be interested in the center’s
structure, organization and the dynamics that drives our work
and cooperations.
E.ON ERC is the result of a public-private partnership between
academia and industry. Here two ‘big players’ are working together as equal partners. One of the largest energy companies
in Europe, E.ON AG has linked itself with RWTH Aachen University to realize this unique project. The core of the research
center are two RWTH chairs and three E.ON chairs, for which
the company has made available a total of 40 million Euro to finance the center for a ten-year period. In addition, considerable
public funds to match the E.ON support, as well as ‘third-party’
project funds from collaborations with other companies have
been raised to support infrastructure and research projects at
the center. Moreover, RWTH Aachen University has guaranteed
to continue the energy research center also beyond the initially
guaranteed ten-year financing period. Under these prerequi
sites, E.ON ERC has all the chances to become an indispensable
institution for energy research on a national as well as internat
ional level and to continuously expand its activities and scope.
Besides the two chairs contributed by RWTH Aachen University
– Power Generation and Storage Systems (Professor Rik W.
De Doncker) and Applied Geophysics and Geothermal Energy
headed by Professor Christoph Clauser – meanwhile all three
foundation professorships have been filled with internationally
distinguished colleagues. Professor Reinhard Madlener has
begun his work at the Institute for Future Energy Needs and
Behavior in June 2007, while Professor Dirk Müller joined the
center in October 2007, leading the Institute for Energy Efficient
Buildings and Indoor Climate. Since October 2008, the Institute
for Automation of Complex Power Systems is under the direct
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ion of Professor Antonello Monti. All five institutes are working
intensively on numerous tasks and can already present a variety
of results. This report entails projects funded by the grant from
E.ON AG, the results of which are available for the general public, as well as projects financed by third-party sources. Details
about all projects can be found in the reports of the five institutes. Currently, E.ON ERC employs about 70 people.
The main building of E.ON ERC, which will be erected on the
extended university campus, called Melaten, has already attracted wide interest because of its extraordinary architectural
design. A total of 4,300 square meters of space will house
offices, laboratories, seminar rooms and testing areas. This
building, designed by the star architect Zaha Hadid, is quite
spectacular and, no doubt, will draw many visitors to the new
university campus area. The use of renewable energy resources, their research and the aesthetic integration of the technical
units in a high-value architecture were important criteria of our
state, i.e. the NRW Construction and Planning Board, when it
selected this design among the various bids. Actually, the main
building is not just a show case of elegant architecture, but also
houses many newly developed low energy heating and cooling
systems that are integrated invisibly in its structure. These
efficient energy supply and storage systems were developed by
Professor Müller and his team. They will be able to observe and
experience (live) the performance of their ingenuity and hard
work. The construction of a 1,000 square meters E.ON ERC
Testing Hall designed by Fischer Architects on the newly
appropriated RWTH-Melaten Campus has already begun.
During the summer of 2009, a 1,500 square meters temporary
officebuilding,locatedclosetotheplannednewbuilding,willbe
constructed into which all of the E.ON ERC institutes will
move together to form a‘real center’until the new building is
completed.
The topics renewable energy resources, energy efficiency and
energy saving were stipulated in the mission statement of
E.ON ERC. With respect to these fundamental questions,
the individual energy consumer stands at the focus of inter
est. Indeed, research results on technical feasibility alone do

not suffice for ensuring a sustainable energy supply in the
future. Rather, it is imperative that social and economic
aspects will be analyzed in detail. According to the initiat
ors, fundamental knowledge about consumption habits, investment behavior and the acceptance of technologies or
techniques by the general population is an indispensable
prerequisite for developing a comprehensive and generally
accepted concept for a sustainable energy supply. Changes
in the opportunities and risks on the user side and tech
nological innovations have to be effectively communicated
to energy consumers so that they can be won as active
partners in the development of a sustainable energy supply.
From its infancy, via its aim and also its organizational structure, E.ON ERC, has worked beyond the academic boundary
of specific research fields and has examined larger technical
systemic questions. Formally, the five chairs of E.ON ERC are
distributed among four faculties (electrical engineeringn and
information technology, georesources and materials science,
mechanicalengineeringandeconomics)wheretheyareintegrated in teaching and research activities. Within this research
center, however, faculty collaborations and interdisciplinary
scientific research will predominate. In this regard, projects
are initiated and coordinated in which other international
research institutes but also distinguished national and international companies are involved. Moreover, the direction of
the research center aims to establish and promote collaborations with numerous institutes on a national and international
basis.
Within the scope of the Jülich Aachen Research Alliance (JARA),
RWTH Aachen University is closely collaborating with the Jülich
Research Center. The JARA section‘Energy’, founded in November 2007 and in which E.ON ERC is substantially involved, is
investigating for example highly stable materials for efficient
large-scale power plants, decentralized, renewable electricity
generation and converter systems for wind, photovoltaic, geothermal energy and biomass.
The international approach of the center is realized, among
others, through the so-called “International Energy Cooper-

ation Program” (ICEP). Within the scope of this program, E.ON
ERC and RWTH Aachen University agree upon collaborations
with other universities, research centers or similar scientific institutions worldwide. Beyond this scientific collaboration, this
also concerns the exchange of scientists and students. A cooperation with the Canadian University of Alberta (Faculty of
Engineering/School of Business) has meanwhile been signed.
Furthermore, E.ON ERC is international partner in FREEDM, a
research project of the U.S. National Science Foundation (NSF)
whose primary aim is to rebuild the American electric grid to a
‘smart grid’ with sufficient possibilities for uptake, storage and
distribution of decentralized-generated electricity and is being
coordinated by North Carolina State University. Promising negotiations with many other renowned international research
institutions are currently in progress.
I would like to thank our sponsor, E.ON AG, and all industry
partners for their continued support and fruitful cooperat
ion. Special thanks to the E.ON ERC Foundation Advisory
Board and the Scientific Advisory Board of E.ON ERC for their
valuable advice and time. I also like to thank our RWTH
Central Administrative office for helping establishing a ‘true’
research center at our university. Special thanks to the deans
of the four supporting faculties for moving swiftly on estab
lishing the new E.ON ERC Chairs.
Last but not least I like to thank my co-workers at the Institute
of Power Electronics and Electrical Drives, for supporting
and coaching the center during its infancy stage, even
providing key personnel and lots of overtime. In particular,
Dr.-Ing. Christoph Meyer, who was acting Operations Man
ager till 2008 when Dr.-Ing. Alexander Jankowski joined the
ranks. Furthermore, Mrs. Erckens and Mrs. Thissen for the
many hours of overtime, supporting the E.ON ERC Secretariat
throughout 2008.

Rik W. De Doncker

CONTACT
Univ.-Prof. Dr. ir. Rik W. De Doncker
Director E.ON Energy Research Center
Jägerstraße 17/19
52066 Aachen
Germany

T +49 (0)241 80 96920
F +49 (0)241 80 92203
post_erc@eonerc.rwth-aachen.de
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Organization Chart E.ON Energy Research center
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Chronicle
December 2008
RWTH National Journalist’s Meeting, organized by E.ON ERC
in cooperation with Forschungszentrum Jülich and RWTH
Aachen University, Press Office.

Groundbreaking Ceremony of the E.ON ERC Main Building
with Minister Pinkwart, Ministry of Education and Science,
NRW, Dr. Bernotat, E.ON AG, Rector Rauhut of RWTH Aachen
University and representatives of the NRW Ministry for Build
ing and Mobility (MBV NRW), City Council of Aachen and BLB
NRW.

November 2008
Start of construction of the E.ON ERC Test Hall at RWTH
Aachen Campus Melaten.
October 2008
Prof. Monti joins the Faculty of Electrical Engineering and
Information Technology as Full Professor at RWTH Aachen
University and establishes the Institute for Automation of
Complex Power Systems (ACS) at E.ON ERC.
First partnership (Memorandum of Understanding) for the
E.ON ERC „International Energy Cooperation Program“ (IECP)
was signed at Alberta, between Alberta University (School of
Engineering) and RWTH Aachen University, E.ON ERC.
April 2008

Fltr. Prof. Dr. ir. Rik W. De Doncker, Dr. Wulf H. Bernotat,
Rolf Krähmer, Gisela Nacken, Minister Andreas Pinkwart,
Rector Burkhard Rauhut, Harald K. Lange

First E.ON ERC Scientific Advisory Board meeting in Aachen
with renowned international scientists and guests.

October 2007

A memorable Evening Dinner Meeting was organized in
cooperation with Energy Hills e.V. and Business Club Aachen.
Guest speaker was Prof. Peter Grünberg, 2007 Nobel Prize
laureate for Physics, Inventor of the GMR effect.

Prof. Müller joins the Faculty of Mechanical Engineering as
Full Professor at RWTH Aachen University and establishes
the Institute for Energy Efficient Buildings and Indoor Climate
(EBC) at E.ON ERC.
June 2007
Prof. Madlener joins the Faculty of Business and Economics at
RWTH Aachen University as Full Professor of Energy Economics
and Management and establishes the Institute for Future Energy
Consumer Needs and Behavior (FCN) at E.ON ERC.
May 2007
Prof. Clauser establishes the Institute of Applied Geophysics
and Geothermal Energy (GGE) at E.ON ERC.

Fltr. Helma Grünberg, Prof. Peter Grünberg (2007 Nobel
Prize Laureate, FZ Jülich), Prof. Ulrich Daldrup (Vice Chairm.
Energy Hills), Dr. Michael Stückradt (State Secretary,
Ministry of Innovation, Science, Research and Technology
North-Rhine Westphalia)
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November 2006
Prof. De Doncker is appointed as Director of E.ON ERC and
establishes the Institute of Power Generation and Storage
Systems (PGS) at E.ON ERC.

October 2006
Press conference with Minister President Rüttgers (NorthRhine Westphalia), Rector Rauhut and Dr. Krüper, E.ON AG
in Düsseldorf. Dr. Krüper announces next to the PPP agreement with RWTH Aachen University, the E.ON International
Research Initiative.
June 2006
Cooperation between RWTH and E.ON AG signed: i.e. the
largest research co-operation in Europe between a private
company and a university was signed. Next to support in research, five new professorships in the field of energy technology were defined across 4 faculties: 3 Chairs sponsored by
E.ON. RWTH provides infrastructure and 2 Chairs.

Dr. Krüper and Rector Rauhut sign a public private partnership agreement

Team

E.ON ERC staff: Silvia Kroll, Alexa Erckens, Christel Thissen, Dr. Sabine Vogel, Cornelia Hanf, Prof. Rik W. De Doncker,
Florian Bechholtz, Dr.-Ing. Alexander Jankowski, Simon Jussen, Andreas Gubernat

Chronicle/Team
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Institute
For Automation
of complex
Power Systems

Univ.- Prof. Antonello Monti

Preface
In the area of multi-physics simulation we are exploring innovative approaches to real-time simulation able to provide
low-cost solutions for reliable testing.

Research at ACS focuses on every aspect of the automation
of modern power systems. We consider applications both for
classical terrestrial distribution systems and for ship power
systems. Applications to other mobile applications such as
aircraft or cars will also be considered in the future.
In any case ACS is interested on understanding how the
introduction of intelligence in a power system can increase
the overall reliability and efficiency. Our work is mostly based
on simulation, real-time simulation and rapid prototyping.
For this reason we are not only interested on the automation
itself but also on the design methodologies and on the tool
development that support the process.
Currently we have a set of active projects that spans from
Ship Power Systems to multi-physics simulation. In the area
of Ship Power Systems we collaborate with the University of
South Carolina which is part of the Electric Ship Research and
Development Consortium funded by the US Navy. At ACS we
are deeply convinced that ship power systems are currently
a very interesting platform to test, on a small scale, solutions
that will be adopted for future grids.
Among the themes that we consider a significant example
of synergy between ship and terrestrial power systems, it
is worth mentioning at least two areas: DC distribution and
agent-based control.
In the area of DC distribution we are currently focusing our
attention on the design of protection systems. The process
of review of the concept of protection brings us to consider the growing role that communications can play in such
a problem. We are working on integrating the design of the
protection algorithms and of the communication network for
a more robust and proactive way of managing faults.
Agent-based control is strictly connected to the previous
topic, considering that all in all the protection logic is another
example of peer-to-peer control. In the same area we are
also exploring how agents can operate to increase the power
quality of a network.
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As said before, research at ACS focuses on every aspect of automation of modern grids. To mention some of these aspects
we could list:
From centralized to distributed intelligent control of the
power flow
Integrative control and protection from power failures at all
voltage levels
Real-time communication between the focal points of the
network
Communication security
Network stability
Integration and operations of Micro-Grids
Integration of renewable energy sources into the main grid
Control and monitoring of hybrid AC/DC networks
User-centric grid (advanced metering)
The experience of the researchers working at ACS grew
mostly in the area of automation of ship power systems with
particular reference to battleships.
The US Office of Naval Research has been working for the
last decade at developing a new generation of ships defined
as All Electric Ship. This is a step forward from the electrically propelled ships already available in the commercial
market: each actuator is supposed to be electric, including
some heavy loads such as aircraft launchers.
In this respect, the ships are an important platform where to
test new ideas about automation. Thanks to this kind of research, a lot of new ideas such as agent-based control have
seen a significant growth in the last few years, and researchers now working at ACS have played a significant role in
this progress.
Other topic that is extremely important for future grids and
that is also growing in ship power systems is DC Distribution.

Researchers at ACS are working at a first demonstration
of a 5kV DC distribution for ship power systems. This experience will have dramatic impact also on what it can be
done in terrestrial systems. There is little doubt that DC
is going to play a more significant role in the future. Many
elements are pushing for this change: last but not least
the fact that seems to be the natural solution for an easier insertion of renewable energy sources. Furthermore, it
should be considered that modern electrical drives assume
the presence of a DC bus to create variable frequency
output.
ACS started towards the end of 2008 but it is experiencing
a significant growth both in terms of personnel and research
collaborations. We expect during 2009 to basically double
the total personnel but also to land the first significant
projects.
Contacts are on the way for new projects within RWTH,
across Europe and the United States. These projects will
cover aspects such as coordination of protection for DC
distribution systems, role of wireless communication in the
automation of terrestrial distribution, agent-based control
for power quality, plug-in hybrid and their impact on the distribution. All these projects shared the common thread of
studying and understanding how power electronics together
with communication and artificial intelligence can take the
energy grid to the next step.

also expect to finalize a contract with the University of South
Carolina in the area of Automation of Ship Power Systems.
This contract, result of the work of Prof. Monti and Dr. Ponci,
should bring at least 3 new positions starting next year.

.
.
.

The research for this project will focus on:
agent-based technology
real-time simulation
DC protections
A part from activating internal projects within the ERC, we
plan an aggressive search for third party money. ACS will be
involved in at least two partnerships at EU-level.
One project will be in the area of Wind Farm Integration while
the second will be in the area of Information and Communication Technologies for Power System Control.
In parallel ACS will also pursue funding from DFG and in particular in response to the recent call in the area of Energy
released in the month of December. ACS is planning to teamup with other institutes in the ERC to propose innovative
ideas mostly in the energy utilization area. We also expect to
establish significant collaborations with industrial partners.
Preliminary meetings and discussions have been held during
2008 and we expect the first projects to start during 2009.

By the end of this year we will also experience the kick off
of the ACS laboratory. Our laboratory aims at becoming a
reference point for whoever is interested in validating new
control ideas for complex power systems. We plan to reach
unique capability in the area of real-time simulation combining commercial and custom developed tools. Researchers
at ACS pioneered concepts such as Hardware in the Loop
and then Power Hardware in the Loop since the 90s.

To increase the visibility of the Institute, ACS will be involved in
collaboration with Universities in different parts of the world.
Prof. Monti has been asked to serve as Visiting Professor at
Politecnico di Milano (his alma mater) to support the PhD program. As part of this collaboration, Prof. Monti will teach a
short course on Automation of Complex Power Systems for
PhD students at Politecnico during spring 2009. He will also
serve as Member of the PhD Committee of the Electrical Engineering Department.We expect this collaboration to open the
door for student exchanges at PhD level.

The new lab will combine different computational technologies to enable multi-scale multi-physics real-time simulation
of complex systems. We consider this technology critical to
support any modernization of the energy grid.

ACS will also take an active role in the collaboration between
our ERC and the NSF Engineering Research Center FREEDM
in the USA. Academic contacts have been also established
within Germany with TU Berlin and TU Munich.

Significant impact could be foreseen mostly in the area of renewable insertion and analysis of stability of the network. We

Aachen, March 2009
Antonello Monti

CONTACT
Univ.- Prof. Antonello Monti
Director ACS
Wüllnerstraße 5b
52062 Aachen
Germany

T +49 (0)241 80 97344
F +49 (0)241 80 92357
amonti@eonerc.rwth-aachen.de
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October 2008

Director ACS
Antonello Monti

Secretariat

assistant

Chief Engineer

Nicole Bielders

Andrea Benigni

Ferdinanda Ponci

Members of Staff

Univ.- Prof.
Antonello Monti
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Nicole Bielders
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Assoc. Prof. Dr.
Ferdinanda Ponci

Andrea Benigni

technical Equipment
ACS officially started in October and the laboratory is still a
work in progress.
The goal of the lab is anyhow clearly defined:

.

to support fast prototyping of control systems and to de-risk
new control architectures for application in Power System.
This goal will be achieved installing a state of the art realtime simulator system.
The idea is to have at least two different simulation platforms
to support:

.
.

The lab infrastructure will also support the following activities:

.
.
.

simulation of communication infrastructures in conjunction
with power systems
simulation of distributed control systems
simulation of agent-based control
Within the lab we will also work at developing new technology
for real-time simulation and Hardware in the Loop testing. As
part of this effort, we plan to connect the real-time setup to
the E.ON ERC testing facility currently under construction.
We expect the laboratory to be fully functional by June 2009
when the acquisition process should be completed.

real-time simulation of complex power system
real-time simulation of the interaction of the power system
with other domains (e.g. simulation of wind farms and representation of wind field distribution)

TEACHING
The following classes are currently scheduled at ACS:
Modeling and Simulation of Complex Power Systems: this
class presents the most typical simulation techniques utilized
in the simulation of modern circuits and sytems. The modeling
of large size systems will be discussed in details analyzing modern concepts that allows for the simulation of power systems
with hundreds and possibly thousends of nodes. Finallly the
impact of uncertainty in the simulation process is also discussed. This class has been offered during Winter 2008 and
will be offered again during Summer 2009.
Automation of Complex Power Systems: this first course
covering Automation of Complex Power Systems focuses mostly on the current technologies. Basic concepts of
dynamics are introduced and analyzed with reference to the

stability of modern power systems. Analysis of the current
technologies will be done with tight connection to the current industrial practice. This class is going to be offered for
the first time in Summer 2009.
Measurement Techniques and Distributed Intelligence for
Power Systems. This course introduces the fundamental elements and technologies in use for distribution automation,
and it illustrates the ongoing evolution towards distributed solutions. The focus is on the measurement challenges
with particular reference to distributed solutions. The related propagation of uncertainty will be discussed within the
framework of the current international standard. Concepts
such as Agent-based measurement and control will also be
discussed. This class will be offered for the first time during
Summer 2009.

Technical Equipment/Teaching

17

Fault-Tolerant Decentralized PCT Estimators
Applied to Electrical Power System State Estimation
The control of power systems is becoming more and more
decentralized. In this study we analyze how to increase the
robustness of a distributed state observer by combining the
estimation with a diagnostic operation.
The availability and accuracy of system models and measurements are critical to power system state estimation. Thus
sensor status monitoring is critical to a successful state estimation. A reliable state estimator should be equipped with advanced measurement features such as ability to propagate to
the states the uncertainty of both measurements and power
system parameters, ability to detect, identify and isolate failed
sensors, which feed data to state estimator.

algorithm has been proposed in previous work. However, the
uncertainties in the knowledge of topology, in the power system parameters and in the measurements themselves, call for
uncertainty analysis. In particular, the case of power system
state estimation requires further attention.
In this project, Polynomial Chaos Theory (PCT) is used as
theoretical foundation to propagate uncertainty in power
system state estimation. PCT makes it possible to estimate the propagation of uncertainties of power system given a
known probability distribution function (PDF) of the uncertain variables or parameters. This feature is shown to make
this approach strongly fault-tolerant.

Non-distributed state estimation methods rely on a central
processing node to perform data fusion. Each node of the
power system passes data to a parent node where data are
processed and evaluated. The decentralized methods limit
the confluence of measurement in one single point by leveraging on the topology which gives it an impressive ability to
perform the state estimation in parallel. A fully decentralized

A Decentralized PCT Sensor Measurement Estimators (DPCTSME) is designed to estimate the reliability of the measurements of the sensors and then give inputs for a Sensor
Failure Detect and Information Rebuilding (SFDR) module to
diagnose sensor status. A DC zonal power system is adapted
as an example system to validate the proposed method.

Logic of the sensor reliability check

PCT boundaries and fault tolerance band for sensor

Contact
Univ.- Prof. Antonello Monti
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Research:
Descriptions
StrategiesProject
and Perspectives

T +49 (0)241 80 97344
F +49 (0)241 80 92357
amonti@eonerc.rwth-aachen.de

Multi-agent systems for the control of PEBB
based power electronics
Agents implement distributed control of power quality and
load feeding in a limited capacity power system, through flexible power converters based on PEBB elements.
This project is carried on in collaboration with Dr. Herb Ginn
of the Department of Electrical Engineering at Mississippi
State University, USA.
The context of this project is the control of power quality
and load feeding in a limited capacity power system, through
infinitely flexible PEBB based power converters.
The project aims at solving two problems:

.
.

defining the most suitable architecture for the control system
defining the most suitable strategy for converter coordination.
The problem of choosing the architecture originates from the
need to integrate the agent environment and its functions
with the control of the PEBB and its own functions. To design
and realize such a multifunctional system, an appropriate
partitioning and design of the converter control architecture
must be realized. The partition suitable for the realization
of the MAS controlled power electronic system described
above will be defined within the framework of the partition
proposed by the draft guideline of the Working Group WG
I8 „Power Electronics Building Block Concepts“ of the Substation Committee of the IEEE Power Engineering Society. In
particular, in the experimental framework of this project, two
partition options are analyzed: in the first one, the agents
are external to the converter controller and in the second
one it is internal. This implies that, in one case the raw data
elaboration is done at the converter controller side and in the
other case at the agent side.
Theproblemofcoordinatingtheactionoftheindividualpower
converters originates from the goal of achieving system level
objectives (power quality and safe load feeding) with distributed delocalized control. The test-bench power structure is

shown in figure below. The RL loads are reconfigurable, to create
unbalance and distortion. The bi-directional voltage source
converters are controlled locally through a control board that
creates the physical current references for the controller. Each
converter can operate in different function modes: as active
filter or as load feeder. If operating as active filter, the type
and amount of compensation is to be determined. Notice also
that the direction of the power flow of the converters can be
inverted. This implies that, if some form of energy storage is
available on the load side, it can in principle be used to backfeed the three-phase AC system.
Each converter can also operate partly as load feeder and
partly as active filter simultaneously. The partitioning of the
effort among these functionalities is to be determined. All
these decisions must be made in accordance to system level
requirements and the system is intended to smoothly transition through the various operating modes. These decisions
are taken by the agents and are enforced by the agents, in
fact each agent is in control of one converter.

Laboratory setup for Agent-Based control

Contact
Assoc. Prof. Dr. Ferdinanda Ponci
T +49 (0)241 80 97350
F +49 (0)241 80 92357
fponci@eonerc.rwth-aachen.de
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Protection Strategy for DC Ship Power Systems
The evolution of power electronics is changing the way we
look at energy distribution.The possibility of adopting a DC vs
an AC solution is becoming more and more attractive. Design
of new protection architectures is an important milestone in
this direction.

The model-based design is performed according to the more
recent standard developed for terrestrial power systems. In
particular, communications are designed according to IEC
61850 developed for the automation of substations. The integration of the communication infrastructure in the power system allows a more effective management of abnormal situations
on board ship, creating a new way of conceiving the protections
as active elements for the security and reliability of the ship.

Nowadays the distribution of electrical energy in naval
applications is based on ac-systems with dc-bus used only
for supplying less important loads at low voltage. In the last
few years, mostly under the impulse of the US Office of Naval Research, different studies have been started considering the use of a medium-voltage transmission bus. This new
approach represents a dramatic change in the way the distribution is managed and creates new unexplored challenges.
In particular, the challenge of designing the protections in
multi-terminals medium-voltage dc-system (MVDC) is facing
growing interest.
A real enabling technology for MVDC is the availability of
modern dc circuit-breakers. These breakers together with
proper intelligent relays allow the independent protection of
each plant-zone: a fast detection and isolation of the fault is
then possible. The performance and efficiency of the protection system can also be improved by exploiting the use of power converters and Power Electronic Building Blocks (PEBB)
to realize the interruption or limitation of fault currents.
A notional shipboard plant can be divided in different zones,
linked together at the DC-bus through power converters,
which also have the task to protect the zone they supply. For
this kind of systems, smart agents, embedded with the power converters, are provided to assure the selectivity of the
protection system, based on different action‘s thresholds
between devices in cascade.
Starting from these assumptions, this study proposes to
address the design of a protection system for MVDC application by integrating a model of the electrical shipboard system with a model of the communication system that allows
the exchange of information about the status of the network
among the PEBB devices.
The authors believe that the design of these two elements of
the power system cannot be performed independently and
it is fundamental to have available platforms that support an
integrated analysis of the two main elements of the protection system.
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Therefore, considering the PEBBs and the related protection
software as Intelligent Electronic Devices (IED), whenever a
change of the operational status is detected, decisions can
be made not only on the basis of local information but also
on the basis of data exchanged with peers.
Considering though that the communication introduce delay
in the system reaction, it is important to design the protection architecture considering different levels of risk. In particular, at least two levels have to be considered:

.
.

High-risk level: the device that detects the failure acts instantaneously without waiting any other communications.
Low-risk level: the devices detect an anomaly that is not classified as a failure. Since they are unable to make an optimal
decision, they exchange data with neighboring devices about
the type of anomaly detected in order to reach a shared solution. During this stage, the device automatically switches
into a state of alert waiting for a final decision.
The authors propose to identify the category of risk by analyzing the following characteristics of a given waveform:

.
.

peak instantaneous value
wavelet-based analysis of the transient
The combination of these two key elements will allow reaching a higher level of selectivity. The idea is to identify different thresholds for the peak instantaneous values able to
trigger different modus operandi of the protection devices:

.
.

highest threshold: immediate protection, reconfiguration of the
powerelectronicdevicestooperateincurrent-limitingoperation
one or more minor thresholds that triggers the time-frequency analysis and the data exchange with the neighbors.
While the first level deals with the classical idea of protection, the second level introduces the possibility of managing
more complex situations or also to detect incipient faults.

The Ship Board Power System used for the study
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Dynamic uncertainty
and digital inverse model synthesis
The use of dynamic models for indirect measurements and
forrepresentingthedynamicbehaviorofmeasurementequipment is a broad field still under investigation. Although the
tools for analyzing such systems are available in well established
literature, a formalization of the treatment of uncertainty for
dynamic measurement is still lacking and the international
standards do not address this issue.
This work addresses two aspects of dynamic measurements.
The first is the evaluation of dynamic uncertainty which is
calculated using the Polynomial Chaos Theory. The second
aspect is the design of digital filters implementing an inverse
model based on the uncertainty estimation. Assuming that
the synthesis of the filters is affected by the uncertainty
with which the model of the measurand is known and also
that the designed filter and its order affect the uncertainty
of the measurand, a trade-off can be found between order
(thus computational effort) and uncertainty. This trade-off is
based on the fact that the uncertainty is in any case bounded
by the actual knowledge of the system.

sity function (PDF) in terms of orthogonal polynomials and its
propagation through continuous and discrete systems.
The indirect measurement problem can be represented by
the following linear equation:

.
.

Two problems arise:
representation of the derivative action in digital processing
uncertainty on the coefficient ak in the model representation
In the scheme reported in the following figure the FIR blocks,
which are all the same, represent numerical approximation
of the first derivative, the coefficients a0, a1, a2 represent
the uncertain coefficients of the model. The FIR filter may
have any number of terms. The formalization of impact of
the number of terms on the uncertainty introduced by the
estimator is one of the main objectives of the analysis.

The use of dynamic models for indirect measurements and
for representing the dynamic behavior of measurement
equipment is a broad field still under investigation. Although
the tools for analyzing such systems are available in well
established literature, a formalization of the treatment of
uncertainty for dynamic measurement is still lacking and
the GUM does not address this issue. Very recent proposals in this direction can be found in literature. Typically, it
is assumed that the dynamic measurement is modeled via
a linear, time-invariant system (LTI). The value of the time
varying measurand is then determined by digital filtering of
the available measurements.
In this project the focus is on the determination of the order of the
filter as trade-off between computational effort and uncertainty.

Sheme of the numerical estimator

The proposed approach is based on the use of an analytical
representationofrandomvariableswithgivenprobabilityden-
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A design approach for digital controllers using
reconfigurable network-based measurements
The objective of this project is to design a distributed controlsystemcapableofguaranteeingmaximumflexibilityinthe
control of a power distribution system. In this control system,
controller and controlled device are connected through the
network and as a consequence measurement and actuation
are affected by a variable delay.
Recently, the Power Electronics Building Block (PEBB) concept has been accepted widely and some commercial PEBB
devices have been implemented in many applications and
fields. One example is the power distribution system of the
future all electric ship.
In order to dynamically manage such power system, a
flexible, reliable and integrated control system needs to be
designed. This control system should be able to ensure the
whole power system working properly in different situations
(e.g. normal and emergency conditions). In this project we
propose and analyze a network-based control architecture
for Power Electronics Building Block (PEBB) devices. The networked PEBB controllers are seen as distributed control resources that can be allocated, at any given moment in time,
for the control of a specific piece of hardware (PEBB converters in particular) and for specific functionalities (e.g. feeding
loads, charging energy storages, correcting power quality).

above the device level control treated here. Such intelligent
system is able to reconfigure the control architecture assigning controllers and functionalities to the PEBBs depending on the overall mission of the system and the specific
occurrence.
The main goal of this work is to outline a design methodology for controllers operating with measurements
coming from a network. An approach is proposed to assess the robustness of the control system in presence
of delay and to design for robustness to network delay.
This approach is based on uncertainty analysis, assuming that such delay is the main element of uncertainty
in the system.
Preliminary experimental results have been already obtained.

In this architecture, controller and controlled device are
connected through the network, which affects the measurement and control signals with delays and other effects.
This application is therefore subject to the known challenges
of networked controllers, plus the issue of smoothing the
transitioning between different configurations.
The coordination and reconfiguration of controller deployment is done through an agent system at the control level

The proposed architecture for network-based control
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Latency Insertion method for simulation
of complex power systems
Standard techniques of simulation, like resistive companion,
are not suitable for real-time simulations of complex power
system. In this work a finite different formulation is used to
limit the computational cost.
In the last few years, the real-time simulation of power system became a topical issue. Real-time simulation, together
with hardware in the loop techniques, is increasingly required
for testing the controllers of complex power system.
A couple of good examples where this kind of test is becoming
more important are the control of power transmission system and of power system of all electric ship. In these kinds of
applications reliability assumes primary importance; a more
realistic test for the control equipment becomes necessary.
The first big problem to consider, looking at real-time simulation, concern the elaboration time. Most of the software
for simulation of electric networks are based on resistive
companion method or similar. This technique requires the
inversion of the matrix that describes the network with a corresponding significant computational cost; the situation becomes worst if the network presents some non-linear components. The resulting time required to solve the network for
each integration step could easily become unacceptable for
real-time applications.

consequently integration can be distributed among several
machines.
The LIM was mainly used to simulate microprocessor architectures; the first step to use this technique for power system is to
evaluate the limit of the LIM in this new field. The Virtual Test
Bed is used as simulation engine. A new LIM component has
been created to evaluate the accuracy of the method.
As a first step, we dot solve the whole network with a LIM approach, while the LIM is used to divide the network in sub-networks. Each sub-network is still solved in a single machine. In
any case, considering that the matrix inversion process goes
with the cubic power of the size of the matrix, the computational
cost is significantly reduced. As first test, the circuit in figure1
was chosen. For this case, substituting all the capacitance and
the inductance with the new LIM component, the worst simulation error introduced was smaller than 1%.

To speed the elaboration time it is necessary to find a method
that allows us both to avoid matrix inversion, both to distribute
the computational work among several elaborators.
The Latency Insertion Method is a finite different formulation with these characteristics. This method, using the latency
introduced by inductive and capacitive elements, can significantly reduce the elaboration time. The network is solved
through algebraic steps and no matrix inversion is required,
The Ship Board Power System used for the study
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Institute for Energy
Efficient Buildings
and Indoor Climate

Univ.-Prof. Dr.-Ing. Dirk Müller

Preface
Prof. Dr.-Ing. Dirk Müller
The Institute for Energy Efficient Buildings and Indoor Climate
has been started in October 2007. At the beginning the institute consisted of four empty offices only, a small experimental hall and the three scientific employees transferred from
my former institute in Berlin.
Due to the intensive care of Professor Dr. De Doncker, his
two chief engineers Dr. Christian Carstensen and Dr. Christoph Meyer and many other members of the ISEA (especially
the IT group) it has been easy to integrate into the new E.ON
Energy Research Center at RWTH Aachen University. This
first time in Aachen has been the basis for a close cooper
ation with our colleagues from the electrical engineering,
which unfortunately is not always the case in today’s engin
eering world. With time, more people from my former institute moved from Berlin to Aachen, and new employees from
Aachen University joined our growing research team. During
the first year many new projects could be started based on
funding of the E.ON gGmbH, Federal Minister of Economics
andTechnology, the German Research Foundation and many
companies as Airbus Deutschland, Continental, TROX and
Wildeboer.
At this point I want to mention my new secretary, Doris Heinzel. She already joined the institute in November 2007 and
she contributed significantly to the rapid development of the
Institute by her exceptional dedication and many overtime
hours. As a true “Aachenerin” she was able to introduce the
“Rhineland way of life” to our people from Berlin area!
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End of 2008, the institute has 14 scientific staff members,
two mathematical-technical assistants and 7student employ
ees. This means all office spaces and the experimental hall
are more than busy and my two chief engineers Rita Streblow
and Alexander Hoh have coordinated all ongoing projects in
addition to their own running projects.
Now, we are looking forward to the new office building in the
western part of Aachen city, because this interim building will
solve our very acute office space problem and it offers the
possibility to work even more closely with our neighboring
institutes in the E.ON Energy Research Center. The growing
interdisciplinary work in our center will be our main strength
in the future. After completion of the experimental hall, the
keenly needed experimental work will begin. The accompanying planning efforts for a total of three new buildings
(interim building, experimental hall, main building) has been
very time consuming for my planning team coordinated by
Tanja Osterhage. But the whole process has provided many
new ideas for future projects to all of us.
I am very grateful to E. ON AG for establishing the new Institute for Energy Efficient Buildings and Indoor Climate at the
RWTH Aachen University by the Foundation fund. Also I would
like to mention Dr. Markus Ewert from E.ON AG being very
helpful in the process of setting up the new infra structure
of the institute. Research and education on building technol
ogy and indoor environment is strengthened significantly by
the new E. ON Energy Research Center both nationally and
internationally.

Energy Efficient Buildings and Indoor Climate
The research of this institute aims to reduce the energy
consumption of buildings and to increase the quality of the
indoor climate. This energy-focussed consideration of build
ings comprises the generation of energy and its distribution,
the storage of energy and its dispensation to the room as
well as the thermal behavior of the building structure. Unlike
many other energy approaches typically applied nowadays,
the institute uses an exergy-based analytical technology
which, in particular, involves sensible utilization chains for
energy transformation. This method enables a thermody
namically valid evaluation of the entire energy supply chain
- starting from the supply structure and the energy transform
ation chain extending down to the energy streams within a
building.

buildings. Which technical solutions will they accept? How
can users of buildings be induced to behave more energyefficiently? Furthermore, which financial resources can be
raised for a comfortable and environmentally friendly supply
with power, heating and cooling? In this regard, the Institute
for Future Energy Consumer Needs and Behavior contributes
considerably to our ongoing projects.
Moreover, the new main building of the E.ON Energy Research Center and our experimental hall shall convincingly
represent the themes of energy efficiency and indoor room
quality.The utilization of geothermal energy will likewise play
a role here as solar energy. Room climate has to meet the
demands of performance-oriented work surroundings, and
the lifespan costs have to be minimized. All colleagues will
contribute their knowledge and experience to reach these
aims.

In all methods for reducing the energy requirements of buildings, the research work always compares the costs (en
ergy/exergy) with the benefit (indoor comfort), so that new
concepts for the supply of buildings can be compared with
existing solutions and be further developed to meet future
requirements.
Particularly interesting is the development of new concepts
for energy-efficient cities or city districts. In the field of renewable energy sources, the E.ON Energy Research Center
offers expertise in the fields of geothermal energy as well as
high efficient electronics. In addition, we need to consider
the demands placed by people on their energy supply and

Aachen, March 2009
Dirk Müller
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Director EBC
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Germany
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Technical Equipment
Starting with empty offices and an empty small experimental
hall the institute has a considerably and high-quality technic
al equipment by now. Powerful computers equipped with
software for simulation purposes as well as standard office
applications are employed here. For large simulations a highperformance computer cluster can be used.
For experimental work, the institute owns technical laboratory equipment in the research areas of fluid dynamics, air
quality and thermal comfort. The standard measurement
technique includes air temperature, surface temperature,
humidity, pressure, illumination, CO2 and high sensitive pressure sensors.
The thermal sensation and comfort measurement instruments are complemented by a comfort sensor for the meas
urement of turbulence intensity and omni directional thermal
anemometers with wireless communication enabling data
logging from distance.
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A two direction Laser Doppler Anemometer is used for accur
ate measurements of velocities. By use of a computer-con
trolled traversing mechanism, measurements can be made
in a precise matrix of points. Entire flow fields can be analyzed
with a Particle-Image-Velocimetry system.
Furthermore, the institute possesses a thermographic camera with a megapixel resolution. For acoustical analyses
a sound level analyzer is used with a number of software
modules, including frequency analysis and recording of the
measured signal. For the determination of sound power
output a reference sound source exists. Air quality measurements are performed with multigassensors and different
sensor systems.
We are looking forward to our new experimental hall that will
be finished in the fall of this year. Thus, we will be provided
with different test benches which strengthen the experimental work significantly.

Teaching
The first lectures of the institute were held in winter semester 2008. Besides the lectures the institute is supporting sev
eral Diploma and Short Theses.

Diploma Theses
Alexander Behnke

Air conditioning technology
Prof. Müller holds this course for graduate students of mech
anical engineering. Following an introduction in thermal
comfort as a primary aim in the field of indoor climate control, the course introduces building physics as well as basic
energy transport processes. Advanced concepts of cooling
load calculation and the dimensioning of the installation
are introduced. The steps of air conditioning are presented
followed by a discussion on the air piping system and airwater-systems. The final section is devoted to the energetic
optimization and evaluation.The lecture is complemented by
a practical instruction class.

Modellingofthermo-hydraulicpipeworksforgasdecompression installations

Paul Hoffmann
Layout of an air quality measurement system, followed by
in-flight air quality measurements on Boeing B747- 400F
freighter airplanes and a comparison of the gathered data
with existing, theoretical airconditioning performance
characteristics

Renewable energies for buildings
Following an introduction in the fundamentals of weather
models, heating systems and insulation technology, the
course introduces the special requirements and characteristics of renewable energy for buildings. The lectures cover solar heating, geothermal energy systems including heat pump
technology, thermal storages and solar cooling by absorption
refrigerators.

Seminar on Energy Systems
The seminar addresses actual topics on ongoing research
projects in the areas of energy generation, storage, distribution and control at PhD level. Each seminar starts with a
presentation of ongoing or finished projects followed by an
intensive discussion.

Seminar on Room Airflows and Indoor Comfort
Actual topics in ongoing research projects in the areas of
room air flows and indoor comfort are being discussed at
PhD level in this seminar. Each seminar starts with a presentation of ongoing or finished projects followed by an inten
sive discussion.

Teaching

35

Adaptive Control of Heating Units
in Residential Buildings
In the Federal Republic of Germany, about 30 % of end energy
demand is consumed for heating buildings. Thus, this sector
is especially important for minimizing energy demand and
emissions of pollutants. An adaptive control system for typical
residential buildings shall decrease the energy demand using
lower supply and room specific temperature profiles.
Up to now, the control of heating systems takes place mainly
via thermostat valves in connection with adapting the supply
temperature depending on the outdoor temperature. With
an adaptive control of the heating system, energy savings
should be obtained linked to a transparent determination
of heating costs. The savings result from adapting the room
temperature to user-dictated demand and from avoiding unnecessary loss during ventilation phases.

The wireless determination of heating costs allows the timeresolved measurement of the energy release of all the radi
ators in a building. Based on the known radiator data, the
optimal supply temperature can be directly ascertained from
these measurement values for guaranteeing a sufficient
heating. By adaptively sinking the supply temperature to this
value, additional heat losses through ventilation phases (windows tilted open to air the rooms) are minimized. If needed,
users can request higher heating performances via a simple
user interface.
Moreover, the time control of the thermostat valves can
allow the user to pre-select the room temperatures. Via the
user interface, the adjustable thermostat valve learns
the desired, daily temperature program in every room. The
release of heat can thus be fitted to the actual demand of
every room separately.
Within the framework of this research project, the package
of measures for adaptively controlling a heating unit will be
studied theoretically and experimentally. The experimental
data will be determined in a selected multi-family residential
building and in collaboration with the company ista Inter
national GmbH.
Grateful acknowledgement is made for financial support by
ista International GmbH.

Adapted heating curve

CONTACT
Dipl.-Phys. Michael Adolph
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Hybrid Ventilation Systems
for School Buildings
With respect to often poor indoor climate in school buildings,
this research project concerns the development of a façade
element that, using hybrid ventilation technology, can ensure
thermal comfort and good air quality in classrooms.
The thermal comfort and air quality, which are poor in many
classrooms today, directly affects the performance of students. The classrooms are almost exclusively provided with
outdoor air by means of windows. Under many ambient conditions, however, this window ventilation cannot provide a
sufficient air volume stream for good air quality while maintaining the thermal comfort of the classroom occupants.
The hybrid ventilation technology combines window venti
lation with mechanical ventilation, thus combining the energy
advantages of natural ventilation with the performance
of mechanical ventilation. For any arbitrary ambient state,
the combination of both types of ventilation can provide
a sufficiently high volume flow rate of outdoor air under
consideration of thermal comfort.
In this project, measurements have been taken in a test setup
about the feasibility and comfort range of using window
ventilation. Currently, field test measurements are being
performed in school buildings. Besides data about the thermal comfort, both objective and subjective data about the
air quality are acquired in the field tests by using air-quality
sensors and human sensory panels, respectively.
With the measurements at the test setup, limits for the windowventilationhavebeendetermined(minimumpermissible
outdoor temperature or maximum window opening) upon
maintaining thermal comfort, and the corresponding natural
air volume flow rate via the windows has been calculated.
The results flow into the control strategy of the hybrid system applied in the field test. This control concept is checked
and optimized by applying dynamic simulations.

Field Test of the Hybrid Ventilation Technology in
a Berlin School
At present, the control components are integrated in the
simulation for optimizing the system.
A decisive control parameter is the air quality for which the
CO2 concentration in the room air acts as an indicator for
the person-based ventilation rate.Through studies of various
air-quality sensors, a sensor could be identified which meets
the requirements regarding a good CO2 concentration cor
relation and the expenses.
Further investigations are planned at an open field test setup
in Aachen. This test setup will be used for diagnosing errors,
validating the simulation results as well as for testing various
control strategies.
Grateful acknowledgement is made for financial support by
BMWi (German Federal Ministry of Economics and Technol
ogy), promotional reference 0327387B.
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Energy and Comfort Models
for Automobile Interior Spaces
In collaboration with the automobile supplier Continental, a
simulation model is being developed for an interior space of
a car. Using the model, comprehensive control concepts are
being created and new climate concepts investigated for increasing passenger comfort and the energy efficiency of the
climate-control instruments in cars.
The energy demand of climate-control instruments is an increasingly important focus of study in the automobile industry. The ratio of the energy demand for the engine as opposed to that of other car components such as climate-control,
multimedia or navigation instruments will greatly change in
the future. Especially for electrical vehicles the auxiliary energy use is very critical because of the limited battery capacity.
Thus, the aim of this research project is to investigate means
of more efficiently using the available energy by maintaining
comfort criteria for all passengers. To realize this, a simul
ation model of a car interior cabin is being developed with
which conclusions can be drawn, under the given boundary
conditions, about the air circulation and –states as well as
about the resulting energy demand.

A detailed analysis of the flow is only possible by using highresolution Computational Fluid Dynamics (CFD) simulations
that, however, are very time-consuming. The current simulation rate does not suffice to link the resulting model in realtime to real climate-control instruments. CFD simulations
thus serve as a foundation for developing a considerably
faster multi-zone model in the programming language Modelica. The Modelica cabin model is subdivided into a sufficient
number of segments in which various states exist through
the exchange with bordering segments. Within one particular segment, the calculation is limited to the corresponding
energy equations. For displaying the flow processes in the
cabin or determining the flows over the individual segment
limits, a base from the CFD-simulations is used under
various characteristic boundary conditions.
For every configuration from the velocity and temperature
of the entering air, the flow image of the CFD simulation is
analyzed and transmitted to the Modelica simulation in form
of exchange coefficients between the segments. With a sufficient number of configurations and their flow analyses, arbitrary climate states ought to be pictured via transmission
functions, thus depicting a complete image regarding the airand temperature distribution in the vehicle cabin. Moreover,
a comfort model for a passenger will be implemented which
accounts for physiological as well as psychological effects.
The whole model is to be verified based on measurements
and volunteer tests.
Using the model, direct conclusions about the comfort of a
passenger should be drawn for various boundary conditions
and control strategies of the connected climate instruments.
For further optimizing comfort and energy efficiency, adaptive control concepts will be designed and new climate concepts, such as a surface cooling, will be studied.
Grateful acknowledgement is made for financial support by
Continental AG.

Streamlines in a Vehicle Cabin with Passenger
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Energy Concept for the
new E.ON ERC Main Building
The new E.ON ERC main building in Aachen shall be a major
step towards a combination of modern architecture and en
ergy efficient building technology.The goal of this project is to
implementnewtechnologies,toverifyproposedconceptsand
to measure and publish energy related building performance
data.
Today, most low energy buildings show a very conventional
architecture. Most of the buildings try to minimize the energy
flux through the building envelope by increasing the insula
tion layer thickness and by maximizing the volume to surface
ratio.
Office buildings show a more complicate behavior than resi
dential buildings because of its higher internal loads and
more complex building structures. Additionally, office build
ings need a higher fresh air rate in order to guarantee a good
indoor climate.

The project is divided into three phases. Phase 1 will be
connected to the ongoing concept work for the building and
it includes an independent proof concept for the proposed
energy concept. Phase 2 provides advanced simulation
models for the building envelope and the buildings supply
technology. Phase 3 combines energy measurements during
two years of operation and an optimization work for the supply control strategy. Additionally, a visualization concept for
the energy performance data will be developed. The visual
ization includes an in deep visualization by a web interface
for internal use only as well as a public data layer. The public
data layer will give information on the overall energy data,
the energy data history as well as the actual state of the
energy supply system.
Grateful acknowledgement is made for financial support by
E.ON gGmbH.

The new E.ON ERC main building will not be a low energy
building because of its building envelope performance. The
special architecture of the E.ON ERC main building leads to
an unfavorable volume to surface ratio in combination with
large window sizes. In this case, a good energy performance
has to be assured by a modern building technology portfolio:
gas powered co-generation unit, heat pump technology,
low temperature surface heating and cooling, concrete core
cooling, ventilation with heat recovery, day lighting concepts
and advanced control strategies. The new building shall
provide an advanced architectural concept and good indoor
comfort in an energy efficient way. Following the ongoing
building research work in Europe the building technology will
be focused on a low exergy approach.
Exterior View of the New E.ON ERC Main Building
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Analysis of Domestic Heat Pump Systems
Modern heat pump systems offer a huge potential for energy
savings compared with gas or oil heating systems. By means
of an examination of the overall system the various heat pump
performances will be analysed under real operation conditions.Thereby room for future improvement of heat pump systems shall be identified.
The approach of an improvement in efficiency requires an
examination of the whole energy system consisting of the
heat source, the heat pump, the controller and the building.
For a detailed analysis of domestic heat pump systems a
dynamic simulation model is designed at the E.ON Energy
Research Center, representing the whole thermo-hydraulic
system.
The main focus lies on two different modeling approaches of
the heat pump cycle. A first model uses manufacturer’s data.
This data will be implemented by a black-box model and it
will be combined with a dynamic building and ground source
model. For detailed calculations a thermodynamic model will
be developed. Both models will be validated by data from a
Germany-wide field study on domestic heat pump systems.

Scheme of an Exemplary Heat Pump System
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The field test, including different kinds of heat pumps and
system arrangements, provides state of the art data recorded
by the Fraunhofer Institute for Solar Energy Systems. This study
has been financed and supervised by the E.ON Energie AG.
Part of the project is to provide a second level analysis of the
data including a data validation and verification. Furthermore
an analysis regarding the correlations between user behavior,
building insulation standard and the heat pump performance
is done. The simulations of the energy system and the out
comes of the field study allow a detailed comprehension
of the operating performance of heat pumps and are thus
able to detect possible technology improvements. Thereby
effects of an improved controlling and hydraulic design of
the system are particularly analysed.
Grateful acknowledgement is made for financial support by
E.ON gGmbH.

Simulation Setup of a Whole Heat Pump System

Diagrams of Different Temperatures of a Simulated Heat Pump System
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Dynamic Flow Structures in Room Air Flow
Thermal comfort and air quality are important criteria in the
planning of buildings and depend on the distribution of local
temperatures and velocities of air in a room. In a new experiment, the dynamic behavior of large scale flow structures in
roomairflowareexaminedexperimentally.The measurement
data are used for improving computational models and for
validating experiments on a model scale.

Two optic measurement techniques are used for structure
recognition in the flow; i.e., a system for the area determin
ation of two velocity components in a plane, and the 3D particle tracing velocimetry procedure for measuring coherent
flow structures. These measurements represent a new refer
ence case for the high-pressure model technology and the
numeric flow simulation of room air streams.

In many applications detailed knowledge of the room air flow
structure is necessary to provide a healthy and safe environment for the occupants. The room air flow affects the distribution of local temperatures and velocities of air as well as
the spreading of air pollutants or smoke in a particular room.
Up to now, it is very difficult to predict the transient behavior
of complex room air flow patters by simulation models to
ensure the thermal comfort of the occupants as well as good
indoor air quality and safety.

Grateful acknowledgement is made for financial support by
German Research Foundation.

Almost only time-resolved averages of the temperature and
flow rates of indoor air have been determined and documented
in previous experiments. In a new experiment, the increasing
demands on proper building planning are considered in the
experimentation. Accordingly, the planned test room has
characteristic dimensions of an indoor room consisting of
3 m height, 4 m width and 5 m depth. The incoming air is
directed through slits in the ceiling area. The air outlets are
located near the floor. The internal loads are entered into the
room via controllable heat sources.
In this test room, time-resolved measurements of the distribution of temperatures and velocities of the air are so that
statements about the local turbulence and the structural dynamics of the flow can be made. Omnidirectional velocity
probes and laser based methods are applied to measure the
velocity field in the room. By using a traverse, the probes are
positioned in the test room so that this room has not to be
entered during a measurement. Since particularly dynamic
effects are interesting here, the measurement period lasts
up to 30 minutes per measurement site.

Test facility
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Sensor System for Indoor Comfort
Measurements
Thermal comfort, indoor air quality and lighting are three
important parameters for indoor comfort. All these comfort
parameters vary in space and time. A new wireless sensor
system has been developed for time dependent comfort
measurements in large enclosures.
Indoor comfort is essential for a healthy and productive environment. In practice, comfort measurements in buildings
are very difficult because of very inhomogeneous conditions
and varying boundary conditions. Rating buildings in terms
of energy efficiency and comfort requires a robust method
for comfort field studies.
The aim of the project group (TU Berlin, RWTH Aachen) is to
develop a new wireless sensor system capable of measuring
temperature, humidity, air velocity, indoor air quality as well
as lighting parameters. The wireless sensor system can record time dependent data on many room locations powered
by batteries only.

New Sensor for Low Airflow Velocities

The communication infra structure of wireless sensor systems is based on the operation system tinyOS. Some of the
required data for comfort measurements can be handled
directly by commercially available hardware as temperature
and humidity. New sensors are needed to access air velocity
and indoor air quality as well as detailed data on lighting
parameters. All sensors have to be low cost sensors and they
shall consume as less energy as possible to enable long term
measurements on a limited battery capacity.
Especially low speed air velocity measurements are very
difficult indoors, because velocities less than 0.2 m/s can
cause comfort problems. A new type of a dynamic sensor
compromises accuracy, cost and energy consumption.
Grateful acknowledgement is made for financial support by
BMWi (German Federal Ministry of Economics and Technol
ogy), promotional reference 0327402A.

Measuring Signal of the Air Velocity Sensor
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Latent Heat Storage Devices for Heat Pump and
Solar Heating Systems
Heat pump or solar heating systems for buildings use a supply
temperature of approximately 35 °C. Standard heat storage
systems do not work efficiently by very small supply tempera
ture differences, because of its low sensible heat storage
capacity. The integration of phase changing material can increase the storage efficiency considerably.
Latent heat storage systems use a phase change process to
store energy at small temperature differences. If the process
of change is ideal, the temperature of the storage system will
even remain constant during the whole process. Fig. 1 shows
a comparison of the temperature change during a latent and
a sensible heat storage process. Special paraffin and salt
hydrates can offer a phase changing temperature in the range
of 5 – 50 °C. With this temperature range latent heat storage
systems are superior to standard water systems considering
the integration in modern heating systems for buildings with
supply temperatures of approximately 35 °C.

In this project an existing storage plate layout for cooling
systems will be adapted to the heating system requirements.
The system will be combined to a standard heat pump and
a solar heating system. The integration of the storage system into a heat pump system should equalize the work load
profile leading to a higher yearly averaged coefficient of
performance. Additionally, the necessary heat pump peak
power will be decreased because the heat pump is able to
load the storage system over night time. In combination
with a solar heating device the system performance can be
improved in particular in spring and autumn. In these seasons
the backflow temperature is usually not high enough for
standard water storage systems.
The functionality of the storage system will be tested on a
temperature controlled water circuit test bench. The test
bench provides data for a temperature depending heat
capacity curve and the maximum loading rate for different
temperatures. All data will be implemented in a numerical
model of the storage system. The combination of this model
with models for the heat pump and solar heating system and
dynamic building simulation models provides a closed simulation model to study major influences on the overall system
performance.
Grateful acknowledgement is made for financial support by
E.ON gGmbH.

Comparison of Latent and Sensible Heat Storage Process
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Modelica – a Simulation Language
for Complex Supply Systems
Atpresentthedomesticandbuildingsectorcontributegreatly
to the total energy consumption.Thus, there is a huge demand
ofevaluatingtheenergyperformanceofbuildingsandinstallations. Computer simulations are a vital part of improving building performance.

Next year, libraries for building structures and supply system
will be published on our homepage.

Energy related simulations of buildings usually lead to hybrid
systems since the thermal behavior of the building structure
must be simulated in conjunction with technical installations
such as heating or air conditioning systems which comprise
hydraulic, thermal and electrical domains.
Modelica is an open simulation language standard for modelling complex hybrid systems. It features a number of interest
ing qualities which makes it an excellent choice to model the
buildings structure elements as well as supply systems. One
key feature is equation based modelling which allows using
equations directly from a text book. Additionally, it means
that flow directions of signals need not to be known beforehand. The flow direction of fluids in pipes for example only
depends on the actual pressure differences of the system.
Object oriented modelling makes it easy to extend, replace
or aggregate models. Graphical desktop environments
provide support for graphical modelling like drag and drop
and drawing connections between models. Sophisticated
mathematical tools will take care of flattening, optimizing
and translating the code into the programming language C
to obtain a fast simulation code. It is possible to access all
variables and constants of a simulation run to get a detailed
understanding of the system.

Exemplary Simulation Setup for a Room

The Institute EBC uses libraries of his own for his research
which are under constant development. Models are group
ed into a library covering thermal building behavior and a
second one that contains components for HVAC systems.
Examples for the use of Modelica can be found for example
in the projects “Hybrid Ventilation” or “Heat Pump Systems”.
Simulation Setup of a Hydraulic Detail
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Retrofit Strategies for Residential Buildings
The housing societyVolkswohnung Karlsruhe has 35 residentialbuildingsinthequarterKarlsruhe-Rintheimwithmorethan
1000 apartments built in the fifties and sixties of the 20th
century.IncooperationwithVolkswohnungKarlsruheanenergetic modernization experiment with different combinations
of innovative solutions in the area of building physics and technical installations including a control system is analysed by an
extensive monitoring and simulation program.

The buildings will be fully modernized and equipped with
standard radiators or surface heating systems, which will be
connected to local heat sources or a new district heating
system. State-of-the-art solutions developed for the building
envelope, ventilation and control will be analysed by means
of a large scale field study.
For a comparison between the different technical options
three identical buildings (30 flats each) will be equipped with
an increasing insulation, starting from the common standard
of Volkswohnung Karlsruhe up to a new vacuum insulation
technique. Each building is divided into three parts. In each
part the chosen insulation level will be complemented with
different innovations, each with an additional enhancement
of the energetic standard, see table 1.
A measurement and evaluation program over three years
analyses and compares the applied innovations. One main
task is the assessment of the effectiveness and cost-effi
ciency of each modernization technique. Further the technical
operability respectively all kinds of technical deficits shall be
clarified. The needs for technical enhancement as well as
the interface to typical tenants and the headquarters will be
identified.

Building in the Quarter Karlsruhe-Rintheim

Volkswohnung Karlsruhe is one of the largest housing society in Germany. The aim of this project is to select, install and
analyse different retrofit solutions for standard residential
buildings. Besides standard energy calculation methods the
research project addresses an exergetic overall optimization
including the energy supply system.
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Additionally, the assessment of the combination effects of
different technical solutions in the area of building physics,
installations and control will be performed based on moni
toring data and dynamic simulations.
Grateful acknowledgement is made for financial support by
BMWi (German Federal Ministry of Economics and Technology), promotional reference 0327400G.

Planned Modernization Concepts

Floor Plan

CONTACT
Dipl.-Ing. Tanja Osterhage
T +49 (0)241 80 97174
F +49 (0)241 80 92932
tosterhage@eonerc.rwth-aachen.de

Research: Project Descriptions

47

Transfer Functions for Perceived Indoor
Air Intensity, Acceptability and Hedonic Tone
Measurements
The aim of this study is to build the transfer functions which
correlate perceived air intensity, acceptability and hedonic
tone as quantifying parameter. For the experiments seven
basis odors were generated by dosing equipment based on a
saturation method and injected in clean air.
The indoor air quality is a very important criterion for the
overall comfort of room occupants. Up to now it is not possible to measure perceived air quality with technical devices
only. The determination of the perceived air quality results
from the acceptability judgments of a large human panel. A
smaller group of subjects can assess the perceived inten
sity of odors using a comparative scale. However, for determination of perceived air quality by a smaller human panel
it is necessary to develop a basis odor model including the
transfer functions which relate the intensity to the accept
ability assessments. The aim of this study is to define the
transfer functions connecting not only perceived air intensity
with acceptability but also to account for hedonic tone as
quantifying parameter.

Scheme of the Dosing Equipment

This experiment uses seven basis odors generated by the
dosing equipment operating with a saturation method. The
air samples were judged by two groups of subjects. The first
group (app. 40 persons) determines the acceptability and
the hedonic tone. The second group (app. 12 persons) estimates the perceived odor intensity as well as the hedonic
impression.
The experiments included investigations of single odors as
well as odor mixtures. Mean values of acceptability, perceiv
ed odor intensity and hedonic tone judged by human panels
were calculated. To attain the highest exactness of results,
the transfer functions include only the group-mean values
with the smallest confidence intervals.
Perceived Air Intensity an Acceptability for Basis Odors
Grateful acknowledgement is made for financial support by
German Research Foundation.
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Examination of Building Materials
– A Combination of Emission and Odor Tests
Indoorairpollutantsinfluencethehealthandcomfortofbuild
ing occupants. The pollutants are emitted by various sources.
Among these sources, building products are of particular importance because these sources cannot be removed easily,
and often the occupants do not have the power to make decisions with regards to the selection of materials, as in rented
flats, offices and public buildings.
To limit emissions from building materials, only a few test
procedures and label systems have been introduced in Eur
ope so far. All of these procedures combine measurements
of volatile organic compounds according to ISO 16000-9 and
sensory evaluations by human panels. The ongoing project
with partners from Technical University of Berlin, the Federal
Institute for Materials Research and Testing, and RWTH
Aachen University aims to combine standard emission tests
of building materials with sensory evaluations. As a final step
of the project a new quality label will be proposed.

Test Chamber for Building Materials

Today, the procedure in Germany includes test chambers in
accordance with ISO 16000-9 for VOC emission tests. The
volumetric flow in these chambers is too low for direct sens
ory evaluation. Thus, the air is collected in a 300 litre air
sampling bag. The perceived intensity of the air from the bag
is evaluated by a panel of at least 10 persons using a refer
ence scale. In addition, the hedonic tone of the air sample is
investigated. One of the research foci is if at all and how the
airflow through the chamber influences the emission of the
materials, as well as the sensory evaluation.
Grateful acknowledgement is made for financial support by
Federal Environment Agency.
Sensory Evaluation of Building Materials
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Helium-Filled Bubbles for Optical
Flow Measurements
Complex flow structures in rooms can be visualized using
density-neutral bubbles, and air velocities can be determin
ed by tracking bubble pathways with optical measurement
techniques.Usinganewlydevelopedbubblegenerator,alarge
number of bubbles can be produced, thereby enabling the investigation of large enclosures.

increasing the visibility is to enlarge the helium-filled bubbles
by maintaining the density neutrality.
Grateful acknowledgement is made for financial support by
German Research Foundation.

Large areas have to be analyzed for measuring and visual
izing room air flows. As optical flow tracers, fog or solid particles are suitable only under certain conditions. Upon using
fog, the visibility, also in large measurement volumes, no
longer suffices after a short time; moreover, solid particles
of a particular size are clearly heavier than air. An alternative
are helium-filled density-neutral bubbles with a diameter of
about 3-4 mm. Because of their low density difference to air
and their size, these bubbles follow the air almost slip free
and can be recorded well by digital cameras.
The density-neutral helium-filled bubbles are produced in a
newly developed bubble generator which allows a high production rate over several hours. The bubble generator has
a stable laboratory design and an internal compressed air
production so that on-site measurements can easily be performed. The optical and chemical properties of the bubble
film liquid decisively affect the visibility and lifespan of the
helium-filled soap bubbles.Various bubble formulations have
been developed and tested in collaboration with the Soci
ety for Promoting Natural Scientific Research in Berlin – Adlershof e.V. The result is an inexpensive and safe bubble film
liquid with which a large number of bubbles can be produced. At room temperature, a mean lifespan of the bubbles of
up to 4-5 minutes is obtained; above room temperature, the
lifespan decreases as the result of water evaporating from
the surface of the bubbles.

Visualizing the upward Air Stream at a Cylinder

The aims for the further development are prolonging the
lifespan of the bubbles at air temperatures above room temperature and creating better visibility by coloring or filling
the bubbles with scattering particles. Another possibility of
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Numerical Simulation of Aircraft Cabin
Ventilation Flow Fields
The comfort of passengers is an important topic for the aircraft industry. The air-conditioning system of an airplane has
to be adapted to various cabin layouts. Numerical flow simulation is an adequate tool for the optimization of the cabin air
flow during the design process.

sive guideline for cabin simulation. The guideline will help to
have suitable models describing the complex ventilation flow
field in an aircraft cabin.
Grateful acknowledgement is made for financial support by
Airbus Germany GmbH.

During the flight, the aircraft cabin is a ventilated, pressur
ised, enclosed environment whose occupants are dependent
on the air provided by the air conditioning system. Besides
the need of pressurization, the high occupant density and
increasing thermal loads of the electronic equipment are a
limiting factor meeting comfortable airflow conditions.These
boundary conditions and special requirements on the interior
from different airlines can lead to transient and non-uniform
environmental conditions challenging the process of ensur
ing passenger’s thermal comfort.
Computational Fluid Dynamics (CFD) can be used to predict
and to improve the airflow distribution. CFD has the ability
to cut down development costs by minimizing full scale tests
which can result in considerably reduced design cycle time
and design costs.

Isosurface for a Velocity of 0.2 m/s Coloured
by Temperature

Figure 1 shows the results of a simulation for an A320 cabin.
An air velocity of 0.2 m/s is given as an isosurface. The air
temperature and surface temperatures of the passengers are
represented in the range between 20 °C and 40 °C. Distribution areas with an enhanced draft risk can be located by
temperature and air velocity.
Comparative validation data are collected in different projects. One project is carried out under supervision of Airbus Deutschland with partners from the Technical University
Berlin, the Fraunhofer Institute of Building Physics and the
German Aerospace Center. This project considers the airflow
distribution in a new A380 cabin. Figure 2 shows the flow
field in the cabin of one specific plane. The direction of the
velocity is given as normalized vectors superposed on a velocity contour plot. The data are used to develop a comprehen-

Vector and Contour Plot of the Velocity
in one Specific Plane
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CFD Modeling of Perforated Plates
Inside of complex air diffusers perforated plates are often
built in to equalize the flow. Because thousands of small holes
cannot be modeled separately, the perforated plate has to
be modeled by applying momentum sources. Different kinds
of momentum sources are tested. The simulation results are
compared with experimental data.
Modern diffusers applied in the field of room ventilation are
oftencomplexingeometry,includingguidevanes,perforated
plates and curved surfaces all with the intention of creative
and maintaining thermal comfort for the occupants. The perforated plate is often used to ensure an equal air distribution.
Figure 1 shows the integration of such a perforated plate in
the diffuser.
To investigate the influence of perforated plates on the flow
field, a test facility has been built up. The test facility consists of a flow channel with a perforated plate inside. The
perforated plate can be inserted into the flow channel with
different angles. In this test facility measurements with 2D
Laser Doppler Anemometry (LDA) have been conducted to
obtain validation data for the CFD simulations.
The geometry of the test facility has been converted into
CAD and it is discretized by about 6 million hexahedral cells.
The numerical boundary conditions match with the experimental boundary conditions. The applied turbulence model
is the Standard k‑model.

Exploded View of a Complex Air Diffuser

As first approach for the momentum source an isotropic loss
model is tested. In figure 4 the velocity distribution at a cross
section of the flow channel 45 mm behind the perforated
plate is presented. The main flow structures can be represented by the CFD Simulation but some differences between
measurements and simulations remain. Other loss models
might improve the simulation results.
Grateful acknowledgement is made for financial support by
the Heinz Trox Foundation.

Streamlines in a Swirl Diffuser
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Geometry and Mesh for CFD Simulation – Example for the 45°
Perforated Plate

Velocity Distribution behind the Perforated Plate
(left hand: LDA measurements; right hand: CFD simulation)
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Thermal Comfort Modeling
The thermal comfort is the primary aim in the field of indoor
climatecontrol.Thisprojectinvestigatesanddevelopsmethods
predicting the thermal sensation and thermal comfort based
on numerical air flow simulations in inhomogeneous envi
ronments.
Conventional comfort models assume equal thermal ambient
conditions and consider the human body as a homogeneous
source of heat. However, these simplifications cannot be
used in rooms and vehicle interior spaces with very complex 3D structures. Consequently, thermal comfort models
are needed that represent the heat balance of the human
body more precisely and that can be directly coupled with a
numeric flow simulation.
A physiological model based on the work of Tanabe has been
used as a starting point for comfort modeling. The human
body is subdivided into 16 segments (head, chest, back,
shoulders, arms, hands, thighs and calves, feet) to account
for inhomogeneous environments.The model, programmed
in Modelica, covers the mathematical description of human
reactions to their thermal environment. To be able to derive
a thermal sensation and a comfort evaluation from the
physiological variables, the model has been extended to
include a psychological model. The new comfort model
contains numerous parameters and some of these par
ameters are determined physically, whereas others are only
based on regressions of various experimental investigations
with only partially known boundary conditions. These par
ameters determined by regressions can be fitted to new
experimental data.
The experimental data used for the optimization are based
on own studies in an airplane cabin mock-up of the Technical
University of Berlin. An airplane cabin is an example for a
strongly inhomogeneous environment; the local comfort assessment by the real “passengers” hereby correlates very
well with measured flow structures.

Figure 1 shows the passengers during a test flight in the
cabin.The evaluations of the volunteers meanwhile comprise
more than 1000 datasets. The local thermal evaluation of
a particular seat by passengers is given on a 7-point scale
(-3 ➝ cold, 3 ➝ hot). Figure 2 compares the passenger
voting with the results of the model with standard parameters
taken from literature as well as with the results of the model
with optimized parameters.
Grateful acknowledgement is made for financial support by
Airbus Germany GmbH.

Volunteers during a Test Flight

Local Thermal Sensation in the Experiment and in the
Simulation
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Combined Material Emission Tests and Sensory Evaluations“;
published 2008; IndoorAir 2008

.

F. Bitter; D. Müller; B. Müller: „Odor Intensity of Building
Products Determined by Measuring the Emissions with GasSensor Systems“; published 2008; International Conference
on Indoor Air Quality and Climate

.

B. Müller; D. Müller: “Materialemission und empfundene
Luftqualität”; published 2008; 15. WaBoLu-Innenraumtage

R. Streblow; D. Müller; I. Gores; P. Bendfeldt: „A Coupled Simulation of the Thermal Environment and Thermal Comfort
with an Adapted Tanabe Comfort Model“; published 2008;
Proceedings of the 7th International Thermal Manikin and
Modeling Meeting at the University of Coimbra, Portugal

R. Streblow; D. Müller; I. Gores; P. Bendfeldt: “Gekoppelte
Simulationderthermischen Umgebungunddesthermischen
Komforts mit einem erweiterten Tanabe Modell”; published
2008; BauSIM 2008 - Tagungsband
I. Eggers; P. Matthes; D. Müller; O. Zeidler: „Façade Integrated Hybrid Ventilation System with Automated Windows for
School Buildings“; published 2008; IndoorAir 2008

.

A. Hoh; T. Haase; T. Tschirner; D. Müller: „Façade Integrated
Latent Heat Storage System for Cooling Applications“; published 2008; IndoorAir 2008

.

.

B. Müller et al.: “Material Labels in Europa: Eine Kombination von Emissionstests und Sensorischen Untersuchungen”;
published 2008; DKV Ulm

D. Müller; M. Schmidt; S. Otto; I. Gores; M. Markwart: „Fully Automated Simulation Process for Comfort Predictions in
Aircraft Cabins“; published 2008; IndoorAir 2008

.
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J. Panašková; B. Müller; D. Müller: „Transfer Functions for
Perceived Indoor Air Intensity, Acceptance and HedonicTone
Measurements“; published 2008; IndoorAir 2008

A. Dahms; B. Jakob; B. Müller: “Analyseverfahren für die
Luftqualität in Innenräumen auf Basis von Multi-Gas-Sensorsystemen im Rahmen des SysPAQ Forschungsprojektes”;
published 2008; DKV Ulm

.

M. Schmidt; D. Müller; I. Gores; M. Markwart: „Numerical
Study of Different Air Distribution Systems for Aircraft Cabins“; published 2008; IndoorAir 2008

W. Horn; D. Müller; J. Kasche; B. Müller: “Chemisch-analytische Erfassung und Bewertung von Baustoffemissionen”;
published 2008; DKV Ulm
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R. Streblow; D. Müller; I. Gores; P. Bendfeldt: „A Coupled Simulation of the Thermal Environment and Thermal Comfort
with an Adapted Tanabe Comfort Model“; published 2008;
IndoorAir 2008
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published 2008; International Conference on Indoor Air Quality and Climate

.

O. Zeidler; M. Danilak; D. Müller et al.: “Experimentelle Untersuchungen unterschiedlicher Luftführungssysteme für
Flugzeugkabinen”; published 2008; Deutsche Kälte-KlimaTagung 2008

.

.
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A. Dahms; B. Jakob; F. Bitter; B. Müller; D. Müller: „Data Processing Models and Calibration Methods for Indoor Air Quality Measurements by Multi-Gas Sensor Systems“; published
2008; IndoorAir 2008
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R. Streblow; D. Müller: “Behaglichkeitsmodelle für inhomogene Umgebungszustände”; published 2008; Deutsche Kälte-Klima-Tagung 2008
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I. Eggers; P. Matthes; J. Panašková; D. Müller: “Hybride Lüftungstechnik für Schulgebäude”; published 2008; Deutsche
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T. Haase; A. Hoh; P. Matthes; D. Müller: „Integrated Simulation of Building Structure and Building Services Installations
with Modelica“; published 2007; Proceedings of Roomvent
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D. Müller; J. Wildeboer; P. Matthes: „Natural Ventilation for
Office Buildings by Different Types of Façade Openings during Winter Season“; published 2007; Proceedings of Roomvent 2007

.

A. Dahms; R. Rank; D. Müller: „Enhanced Particle Streak
Tracking System (PST) for Two Dimensional Airflow Pattern
Measurements in Large Planes“; published 2007; Proceedings of Roomvent 2007

.

J. Kasche; A. Dahms; W. Horn; O. Jann; D. Müller: „Sensory
Testing of Building Products – Round Robin Test“; published
2007; Proceedings of Clima 2007

.

O. Zeidler; A. Dahms; D. Müller: „Effects of Ionisation Air Purifiers on Indoor Air Quality“; published 2007; Proceedings
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D. Müller:“Planungswerkzeuge für energieeffiziente Gebäude”; published 2008; Produktionsfaktor Mathematik
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F. Brännström; D. Müller: „Evaluation of SST-SAS Model for
Industrial Applications“; published 2008; 12th ERCOFTAC/
IAHR Workshop on Refined Turbulence Modelling

.

J. Panašková; F. Bitter; D. Müller: „Basis Odor Model for Perceived Odor Intensity and Air Quality Assessments“; published 2007; Proceedings of Clima 2007

.

C. Kandzia; D. Müller: “Erste experimentelle Daten von regelbaren Latentwärmespeichern im Kühlwasserkreislauf”; published 2007; Deutsche Kälte-Klima Tagung 2007

.

B. Müller, A. Dahms, D. Müller et al; „A European Project
SysPAQ“; published 2007; Proceedings of Clima 2007

.

R. Streblow; D. Müller: “Modelle zur Vorhersage der thermischen Behaglichkeit”; published 2007; Deutsche Kälte-Klima
Tagung 2007

.

O. Zeidler; A. Dahms; D. Müller: “Effektivität von Geräten
zur Luftreinigung”; published 2007; Deutsche Kälte-Klima
Tagung 2007

.

R. Streblow; D. Müller: “Experimentelle und numerische Untersuchungen eines komplexen Luftdurchlasses”; published
2007; Bauphysik

.

B. Müller; A. Dahms; D. Müller et al.:“Luftqualitätsmessung
mit Multigassensorsystemen, das Forschungsvorhaben SysPAQ”; published 2007; Deutsche Kälte-Klima Tagung 2007

.

R. Streblow; D. Müller: „An Analysis of Thermal Plumes
above a Cylindrical Heat Source in a Room with a Vertical
Temperature Gradient“; published 2007; Proceedings of
Roomvent 2007

.

M. Reske; D. Müller: “Temperaturverteilung in der Fassadengrenzschicht”; published 2007; Deutsche Kälte-Klima
Tagung 2007

.

E. Lobutova; C. Resagk; R. Rank; D. Müller: “Lasermethoden
in der Strömungsmesstechnik”; published 2007; Proceedings der 15. GALA-Fachtagung
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M. Reske; D. Müller: „Measurements of the Building Façade
Boundary Layer Temperature Profile“; published 2007; Proceedings of Roomvent 2007
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E. Lobutova; C. Resagk; R. Rank; D. Müller; T. Putze; H.-G.
Maas:„Investigation of Large-Scale Flow Structures in Turbulent Rayleigh-Bénard Convection using 3D Particle Tracking
Velocimetry“; published 2007; Proceedings of the 7th International Symposium Particle Image Velocimetry
B. Müller; A. Dahms; D. Müller; B. Berglund et al.: “Messung
derempfundenen GeruchsintensitätmitMultigas-Sensorsystemen, das Forschungsvorhaben SysPAQ”; published 2007;
VDI Berichte

.

.

.

P. Wargocki; H. N. Knudsen; D. Müller; A. Dahms; B. Müller:
„Method of Member Selection for a Defined Panel and Testing
of Panel Performance“; published 2007
B. Berglund; L. Zheng; P. Wargocki; H. N. Knudsen; D. Müller;
A. Dahms; B. Müller: „Methods for Measuring Perceived Air
Quality and Odour Intensity“; published 2007
J. Panašková; D. Müller; B. Müller: “Zweistufiges sensorische
und messtechnische Erfassung der empfundenen Luftqualität”; published 2007; Abschlussbericht DFG
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From left to right: Sarah Stracks, Kristian Huchtemann, Alexander Hoh, Torsten Schäfer, Michael Adolph, Claudia Kandzia,
Martin Schmidt, Peter Matthes, Thorsten Stocksmeier, Robert Rank, Armin Knels, Davide Calí, Henning Freitag, Doris Heinzel,
Rita Streblow, Tanja Osterhage, Corinna Leonhardt, Dirk Müller
Not shown: Björn Flieger, Inga Eggers, Jana Panašková
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Chronicle
17. DEZEMBER 2008
Christmas party with a hike in the national park Hohes Venn
20. - 21. November 2008
Inga Eggers, Kristian Huchtemann, Armin Knels, Jana
Panašková, Rita Streblow and Prof. Müller attend the DKV
conference in Ulm
01. November 2008
First work day of Michael Adolph
Christmassy hike
16. - 17. September 2008
Internal seminar of the institute
08. - 11. September 2008
Peter Matthes, Martin Schmidt and Rita Streblow attend the
BauSim 2008 in Kassel
03. - 05. September 2008
Rita Streblow attends the Seventh International Thermal Manikin and Modelling Meeting in Coimbra, Portugal

Internal seminar

01. September 2008
First work day of Corinna Leonhardt and Tanja Osterhage
20. August 2008
First work day of Torsten Schäfer and Thorsten Stocksmeier
18. - 22. August 2008
Inga Eggers, Alexander Hoh, Jana Panašková, Martin Schmidt,
Rita Streblow and Prof. Müller attend the Indoor Air 2008
Conference in Copenhagen, Denmark
01. August 2008
First work day of Corinna Leonhardt

Indoor Air Conference in Copenhagen

25. July 2008
Institutes outing
07. - 11. July 2008
Kristian Huchtemann attends the workshop Integrated design of HVAC systems in buildings in Venice, Italy
01. July 2008
First work day of Armin Knels
15. April 2008
First work day of Kristian Huchtemann

Visit of the alpine slide during the institutes outgoing
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05. April 2008
The ‘Jägerstraßenallianz’ takes part at the RWTH Indoor Soccer Cup
01. April 2008
First work day of Inga Eggers
28. March 2008
The new computer cluster starts running
The Indoor Soccer Cup Team

13. March 2008
The auxiliary furniture becomes obsolete. The institute gets
its own furniture.
09. - 16. March 2008
The institute attends the Hermann-Rietschel-Colloquium in
Hirschegg, Austria
01. February 2008
First work day of Robert Rank

Skiing in the morning, lectures in the afternoon during the
Hermann-Rietschel-Colloquium

31. January 2008
The institute gets to know the “Rhineland way of life” at Fettdonnerstag
01. January 2008
First work day of Alexander Hoh and Björn Flieger

01. December 2007
First work day of Peter Matthes and Jana Panašková
14. December 2007
Christmas party with a guided tour through Aachen’s Jakobsviertel
Berlin group gets to know the “Rhineland way of life”
01. November 2007
First work day of Doris Heinzel
01. October 2007
Start of the institute
First work day of Prof. Dirk Müller, Claudia Kandzia,
Martin Schmidt and Rita Streblow

Chronicle
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Institute For Future
Energy Consumer needs
and Behavior

Univ. - Prof. Dr. Reinhard Madlener

Preface
This is the first Annual Report of the Institute for Future Energy
Consumer Needs and Behavior (FCN), covering the time period
June 2007 until December 2008. FCN was founded in June
2007, when I came to Aachen for taking up the newly established Chair of Energy Economics and Management. In fall 2007,
three Research Associates (André Hackbarth, Ricarda Hochwald, Tim Komorowski), a part-time secretary (Sabine Schill),
and in total seven Student Assistants were hired. In 2008, four
more Research Associates joined the institute (Ronald Bernstein, Barbara Glensk, Marjolein Harmsen-van Hout, Christian
Michelsen). Over this period of time, the institute developed
well, taking up steam and continuously developing its current
shape. Many of the research topics considered important by
the Chair, a number of which have been newly adopted, could
already be allocated to young and talented scholars to work on
as part of their theses or for other purposes. Herewith, I would
like to sincerely thank all members of staff for their continued
engagement and loyalty to our young and prospering new institute, and also for making FCN an attractive and pleasant
place for undertaking research and teaching.
I would also like to thank my E.ON ERC co-director colleagues
Christoph Clauser, Rik De Doncker, Antonello Monti, and Dirk
Müller for making our interdisciplinary energy research center – which was invented by others years before we actually
started our collaboration – a reality, and for being continued
sources of inspiration in our discussions about developing
the ERC and our joint research further. In both our weekly regular and the occasional strategic meetings we not only got
to know and understand each other quite well already, but
we also experienced, breathed and (from my perspective) to
a large extent enjoyed the ‘high spirits’ of interdisciplinary
work and dedicated excellence.
Teaching activities at FCN have so far been very successful,
as well as the integration of the new Chair into the organization and life of the Faculty of Business and Economics. A
lecture in Energy Economics and one on the Economics of
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Technical Change (in English), as well as seminars on the
Economics of Technological Diffusion, Financing of Energy
Investments and Economics of Technical Change were right
from the beginning well received by students at various levels
of education, from various faculties, and partly also from abroad. The ‘flagship’ lecture in Energy Economics, for example,
has already attracted more than eighty students in the winter
term 2008/09, some 2 ½ times more than the year before.
Teaching within the framework of the Master’s Programme in
”Energiewirtschaft” (Haus der Technik, Essen) and the newly established business course ”Energy Academy” (Business
Park Avantis, Heerlen/NL) supplemented the university educational program offered by the Chair.
Several research projects were successfully completed during
the reporting period, and a number of new projects have been
acquired and started, or are still in the preparation phase.
The documented research output comprises six peer-reviewed
articles both in 2007 and 2008, at least nine others that underwent a simplified or no peer review, four research reports,
and two contributions to handbooks (International Handbook
of Energy Economics, Handbook of Utility Management) to be
published some time in 2009. Moreover, nine conference contributions in 2007 and thirteen in 2008 could be recorded, which
helped a lot to make FCN and the E.ON ERC as a whole known
and visible to the scientific community.
While Tim Komorowski and Ricarda Hochwald unfortunately
left the institute for taking up positions in industry and with
the German Academic Exchange Service (DAAD), respectively, the other FCN Research Associates got on their track
with respect to their doctoral studies (Ronald Bernstein,
André Hackbarth, Christian Michelsen) or post-doctoral research (Barbara Glensk, Marjolein Harmsen-van Hout). Several external PhD candidates (Martin Achtnicht, Richard
Lohwasser, Günther Westner) are visiting FCN quite regularly,
and three under my co-supervision already received their PhD

degrees at foreign universities (Jürg Artho, Boris Krey, Krushna Mahapatra). Additionally, six diploma theses and six study
theses on topical issues were successfully completed at FCN
in 2008 alone, and many more are currently in the pipeline,
or in the conceptualization phase, a number of which are elaborated in collaboration with industrial partners. Also worth
mentioning is the fact that several students could be placed at
top academic institutions abroad, partly within the framework
of the IDEA League Energy programme.
An FCN Working Paper Series has been launched in 2008 as
an important outlet of FCN research. The series is listed in
RePeC, where it has immediately received considerable attention (> 120 file downloads between its introduction in Sep
2008 and Feb 2009). Furthermore, much effort has been invested especially in the first year in the development of the
FCN Website and an FCN Flyer. An Open Day was organized
in June 2008 (1st Anniversary of FCN), which already attracted quite a large number of friends of FCN. Further, a group
of schoolgirls was hosted and introduced to the E.ON ERC
and the activities at FCN, and some basics and problems of
climate change as part of the annual ”Girls’ Day” organized
by RWTH Aachen University.
Networking also took place in many other forms, including
the RWTH Fora ”Umwelt” (Environment) and ”Technik &
Gesellschaft” (Technology & Society), respectively, IDEA

League Energy, JARA Energy, Energy Hills, the preparation of
the energy research cluster proposal “SPICE”, and research
cooperation agreements with top international academic institutions. The PhD candidates at FCN are increasingly being
involved in the student chapter of the GEE, the German
affiliation of the International Association for Energy Economics (IAEE).
At the end of 2007, I was awarded the honor of becoming
a Research Professor of the prestigious German Institute
of Economic Research (DIW Berlin). Board memberships
round off the activities, including two promotional boards,
four finding commissions for new professors, three journal editorial boards (all joined since I have started work in
Aachen), and Advisory Groups for the World Energy Council (WEC), and the Intergovernmental Risk Governance
Council (IRGC), and the Directorate General Information
Society and Media of the EC.
Finally, having summarized the most noteworthy activities of
FCN, I would like to thank all who supported our young institute, which in my opinion constitutes an important addition
from the economics and management domain to the energy
research that has so far been undertaken at RWTH Aaachen
University. I am looking forward to further develop FCN and
the E.ON Energy Research Center, and of course to see all five
institutes move together under a single roof later this year.

Aachen, March 2009
Reinhard Madlener

CONTACT
Univ.-Prof. Dr. rer. soc. oec. Reinhard Madlener,
Chair of Energy Economics and Management
Director FCN
Wüllnerstraße 59 (Bldg. 1160)
52062 Aachen
Germany

T +49 (0)241 80 97161
F +49 (0)241 80 92206
rmadlener@eonerc.rwth-aachen.de

Preface

63

Organization Chart
December 2008
Director FCN
Reinhard Madlener
Chair of Energy Economics and Management

Secretariat, FCN Library

IT Support

Sabine Schill

Student Assistants

Research Associates

External Researchers

Daniela Haider

Ronald Bernstein

Martin Achtnicht

• Estimation of Energy Demand Elasticities

• Decision Making of Private Households

Jens Pöpperling
Yasin Sunak

• Impact of ICT on Energy Consumption

(Dwellings, Mobility)

• Econometrics

Stefan Ehrhardt
Barbara Glensk

• Sustainability Indicators for Biofuel Promotion

• Opt. of Electricity Generation Portfolios
• Portfolio Analysis
• Economics and Operations Research

André Hackbarth
• Smart Metering
• Plug-in Hybrid e-Vehicles/e-Mobility
• Energy Consumer Behavior

Marjolein Harmsen-van Hout
• Consumer-to-Consumer Comm. Networks
• Game theory and Experimental Economics
• Econometrics and Mathematical
Microeconomics

Christian Michelsen
• Spatial Diffusion of Innovative Energy Tech.
• Biogas/Innovat. Residential Heating Systems
• Multi-Agent Modeling and Simulation
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Organization Chart

Sten Endter
• Option Valuation in Electricity Markets

Günther Westner
• Portfolio Optimization/Cogeneration

Members of Staff

Prof. Dr. Reinhard
Madlener

Dipl.-Volksw.
Ronald Bernstein

Dr. Barbara Glensk Dipl.-Volksw.
André Hackbarth

Daniela Haider

Jens Pöpperling

Yasin Sunak

Dr. Marjolein
Dipl.-Volksw. M. Sc.
Harmsen-van Hout Christian Michelsen

Dipl.-Biol.
Sabine Schill

Members of Staff
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FCN Working Paper Series
During 2008, a dedicated FCN Working Paper series was
launched, and since June 2008 five papers were published
containing either ongoing or recently completed research
undertaken by FCN staff, and several more are currently in
the pipeline. The Working Papers, which are published by
Professor Madlener as Editor-in-Chief, are listed in both the
SSRN (http://www.ssrn.org) and the RePEc (http://ideas.
repec.org) paper depository, and have already received con-

siderable attention by the scientific community (e.g. > 120
file downloads from RePEc between its introduction in Sep
2008 and Feb 2009).
For 2009, the launch of an FCN Research Report / FCN Forschungsberichte series is planned, in which also intermediate project results, interdisciplinary work, and work that is
only available in German can be publicized.

References:
Madlener R., Gao W., Neustadt I., Zweifel P.; ”Promoting Renewable Electricity Generation in Imperfect Markets: Price
vs. Quantity Policies“; FCN Working Paper No.1/2008, July
Madlener R., Wenk C.; ”Efficient Investment Portfolios for
the Swiss Electricity Supply Sector“; FCN Working Paper
No.2/2008, August
Omann I., Kowalski K., Bohunovsky L., Madlener R., Stagl S.;
”The Influence of Social Preferences on Multi-Criteria Evaluation
of Energy Scenarios“; FCN Working Paper No.3/2008, August
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Bernstein R., Madlener R.; ”The Impact of Disaggregated ICT
Capital on Electricity Intensity of Production: Econometric
Analysis of Major European Industries“; FCN Working Paper
No.4/2008, September
Erber G., Madlener R.; ”Impact of ICT and Human Skills on
the European Financial Intermediation Sector“; FCNWorking
Paper No.5/2008, September

Teaching And student research

.
.
.

Teaching Activity

Anke Berns

Winter Term 2007/08

Eine bedarfsorientierteWirtschaftlichkeitsberechnung zentraler und dezentraler Einsatzkonzepte für regenerative Energietechniken bei Ein- und Mehrfamilienhäusern (7/2008
- 10/2008)

Lecture (L2/R2) in Energy Economics
Seminar (S2) on Financing of Energy Investments
Seminar (S2) on Economic Aspects of Technological
Diffusion - Applied to Innovative Energy Technologies
Summer Term 2008

.

Lecture (L2/R2) on Economics of Technical Change
Winter Term 2008/09

.
.
.
.

Lecture (L2/R2) in Energy Economics
Seminar (S2) on Financing of Energy Investments
Seminar (S2) on Economic Aspects of Technological
Diffusion - Applied to Innovative Energy Technologies
Seminar (S2) on Economics of Technical Change:
An Empirical Perspective

Jochen Latz
Ökonomische Analyse der zentralen und der dezentralen
Druckluftspeicherung zur verbesserten Netzintegration von
Windenergie (6/2008 - 10/2008)

Completed study theses
Baris Özalay
Wirtschaftliche Aspekte der CO2-Sequestrierung bei Kohlekraftwerken (7/2008 - 10/2008)
Andreas Schäfer

Completed diploma theses
Gregor Schürmann
Feasibility Study for Plug-in Hybrid Electric Vehicles: Possible
Business Models for the German Market (9/2008 - 12/2008)
Lukas Paterek
Electricity Metering and Savings at Universities - the case of
RWTH Aachen University (5/2008 - 11/2008)
Paul Raymond
Optimization of E.ON’s Electricity Generation Portfolio in the
United Kingdom and Sweden (4/2008 - 10/2008)
Michael Bienek
Dokumentation und Auswertung von 12 Fallstudien des EUProjekts ECHAINE über Biomasse-Nahwärmeanlagen in der
Schweiz (7/2008 - 10/2008)
Daniel Wäschenbach

Analysis of the Demand for Electricity and its Expected
Future Development in the Commercial and Services
Sector until 2035 from a European Perspective (6/2008
- 9/2008)
Marc Heydemann
Economic Rationale for the Development of the LNG Market
in Europe (5/2008 - 8/2008)
Tobias Mathar
Entwicklungstrends,Wirtschaftlichkeit und Risiken innovativer
Solarkraftwerke: Eine Vergleichsanalyse (4/2008 - 7/2008)
Paul Raymond
Potential and Costs of Onshore Re-powering and Offshore
Wind Power Plants in Germany (1/2008 - 6/2008)
Marc Weber
Residential Energy Demand in Germany:Trends and Structural
Changes (12/2007 - 3/2008)

WirtschaftlichkeitsuntersuchungzurenergetischenSanierung
von Gebäuden aus den 1950er Jahren (7/2008 - 10/2008)

Teaching and Student Research
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Economic Impacts of Sustainable
Energy Consumption (“e-co”)
scientists and experts through their experiences, knowledge
and preferences. Thus, by this participatory process, the project will significantly contribute toward linking science and
practice by promoting the dialogue between the stakeholders and scientists as well as increasing the transparency of
the modeling.

The project e-co analyzes how sustainable energy consumpti
onaffectstheeconomy,environmentandsocietyandhereby is
oriented to Austria’s political energy and climate policy targets
until 2020. Here, scenarios that focus on renewable energy
resources, bolstered energy efficiency and the reduction of
energy consumption of private households are to be simulated and evaluated with an integrated environmental energyeconomy model.

e3.at

The results will indicate which particular strategies and measures can best attain Austria’s current energy and climate
policy targets in a socially balanced, cost-efficient and ecological way. Thus, they will offer the political actors a better
basis for their decision-making.
Methodically, e-co builds on the development, modeling and
evaluation of several scenarios which equally take into account all three cornerstones of the reorientation of energy
consumption towards sustainability, namely: (1) the increase in the fraction of renewable energies; (2) the increase in
energy efficiency, especially of the building stock; and (3) the
reduction of the energy consumption of private households.
It is to be considered hereby that all three connecting points
complement each other and, as a whole, enable a sustainable development of the energy consumption. Because of the
interactions and feedback between various measures, it is
important to also analyze them in an integrative framework.
The scenarios are simulated with an enhanced version of
the integrated environment-energy-economic model e3.at
(e3: environment - energy - economy; at: Austria) that first
has to be updated and expanded within the scope of the e-co
project so that the developed scenarios can be quantitatively
calculated. After the fittings, the macroeconomic multi-sector simulation model represents a suitable analytical framework that allows the explicit and consistent consideration
of the complex and man interactions between the various
branches of the economy. Thus, the effects of the scenarios
on the economy, environment and employments can be
detailed very well.
On the basis of these results, the particular scenarios will be
evaluated andfinally concrete political recommendations will
be derived to show how sustainable energy consumption in
Austria can be obtained. For the development, modeling and
evaluation of the scenarios, selected stakeholders (lobbyists,
politicians and experts) in the field of energy policy and supply will be actively integrated in the scientific work in order
to enrich the research and decision-making process of the
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The model e3.at presents the Austrian economy in all of its
essential aspects and shows how they interact with the energy system and the environment. Besides the calculation of
the energy consumption and the CO2 footprint, this model
also enables the analysis of the effects on economic growth
and employment.
The entire model system currently includes a respective economic, material and energy model each described as follows:

.

The economic model comprises an input-output model (for
explaining the interactions between the individual branches
of the economy), the presentation of the account system of
economic total calculations (for depicting income generation,
-distribution and –usage of private households, of the federal
state and of businesses) and the employment market.

.

The material model classifies the national and imported material input according to the extracted or imported economic
sectors and differentiates among twelve different categories
of material.

.

The energy model describes the relationship between the
economic development, energy input and CO2 emissions. It
encompasses the primary energy consumption, energy conversion, and final energy consumption. It is divided into 21
economic areas and differentiates between 17 energy carriers
according to the energy balance of Statistics Austria.

.

Moreover, the model e3.at is made up of a foreign trade
module which links the Austrian economic system in the form
of “Soft Links” with the world model GINFORS.
Since all modules of the model are consistently connected
to one another, the interactions between the model components can be taken into account.

References:
Stocker A., Grossmann A., Madlener R., Wolter M.I. (2008 a).
Renewable Energy in Austria: Modelling possible development trends until 2020, International Input Output Meeting
on Managing the Environment (IIOMME08), 9 -11 July 2008,
Seville, Spain
Stocker A., Grossmann A., Wolter I., Madlener R. (2008 b).
Erneuerbare Energie in Österreich: Modellierung möglicher

Entwicklungsszenarien bis 2020, Endbericht zu Energiesysteme der Zukunft (EdZ) Projekt Nr. 810709, April
Stocker A., Grossmann A., Madlener R., Wolter M.I. (2007).
Erneuerbare Energie in Österreich: Modellierung möglicher
Entwicklungsszenarien bis 2020, Tagungsband der 5. Internationalen Energiewirtschaftstagung an der TU Wien (IEWT
2007), 16.-18. Februar 2007, Wien

Structure of the e3.at Energy Model,
Source: Stocker et al. (2008 a)
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Biogas Use in Switzerland – Innovation Systems,
Technology Diffusion, and Development Paths
(“Novatlantis Biogas”)
Biogas is a renewable and carbon-neutral energy resource
which can be used for generating electricity and heat or as
a fuel for vehicles. In Switzerland, only a fraction of the nationwide potential for biogas production has been mobilized
so far, whereas neighboring countries such as Germany and
Austria have seen a massive increase in biogas plants in the
last years. First analyses reveal that the barriers in Switzerland
are primarily located in the socioeconomic and institutional
area (e.g. low tariffs for electricity feed-in, lengthy licensing
procedures).
The main goal of this project was to promote a new awareness that the still largely unused biogas potential in Switzerland can be efficiently developed and that remaining obstacles can be removed. Not only does this project significantly
contribute to the energy policy goals on the federal level
(e.g. EnergieSchweiz), but it also provides new impulses and
stimulates innovation networks on local and regional levels.
In the pilot region of novatlantis in Basel, Elektra Basel Land
(EBL) together with Industrielle Werke Basel (IWB) are developing two fairly large biogas projects - a Kompogas plant
and a biogas community plant. These activities were included as a case study into the project in order to provide a
direct application and conversion reference.
Another goal of the project was to analyze the different obstacles, but also success factors in the area of biogas use in Switzerland from a socioeconomic viewpoint. Based on this, strategic recommendations are provided to actors in politics and
administration to improve the basic conditions and to further
stimulate the innovative forces of the market.
Additionally, new options such as the feed-in of biogas into
the existing natural gas grid or the operation of cooperative
plants were examined in some detail, not only to estimate
their potential for future market and technology development but also to evaluate the actual research needs. On the
basis of case studies, the analysis paid particular attention
to specific local-regional conditions for biogas production.
The project also modeled the diffusion of biogas plant in
agriculture. A third focal point finally was to elaborate future
development paths for biogas plants regarding technological
and organizational aspects.
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The research shows how the adoption and diffusion of different biogas projects or plant types, respectively, functions
in Switzerland and what factors are accordingly inhibiting or
fostering dissemination. Conclusions for successful development processes can be drawn from these results. This holds
true for projects in particular as well as for the basic framework conditions in general.
With respect to the planned single projects, in the future critical success factors concerning the cooperation of different
actors (companies, users, administrations, other stakeholders) can be derived from the case studies conducted. On
the level of local or regional innovation systems, respectively,
it can be seen how important social learning processes are
for innovation success in the field of biogas. Regarding politically and economically determining success, factors can
also be derived for the supra-regional level. Among others,
they affect the interaction between financial promotion, approval processes, technical norms and building regulations.
The project results were also discussed with Swiss biogas
experts. Additionally, the project results have also been presented to the broader community, and several publications
could be realized.
The main task of Prof. Madlener in this project, which he
brought to RWTH Aachen from ETH Zurich, was to develop a
GIS-based simulation model for the spatial diffusion of biogas technology in Switzerland, which is going to be enhanced
and applied to regions in Germany (see project description
“Modeling the Spatial Diffusion of Agricultural Biogas Plants”
below).
References:
Madlener R., Markard J., Stadelmann M., Umbach-Daniel A.
(2008). Biogasnutzung in der Schweiz: Hemnisse, Förderfaktoren und zukunftsorientierte Analysen, Endbericht, Studie
von ETH Zürich (CEPE) / EAWAG (CIRUS) / Rütter+Partner
im Auftrag von novatlantis - Nachhaltigkeit im ETH Bereich,
Zürich, April.
Markard J., Stadelmann M., Truffer B. (2009). Prospective
analysis of technological innovation systems: Identifying
technological and organizational development options for
biogas in Switzerland, Research Policy (in press, available
online 3 March 2009).

Visit of a new biogas plant in Herisau, Canton St. Gallen (CH), after a presentation of the Novatlantis Biogas project to Swiss
biogas experts, Source: R. Madlener

CONTACT
Prof. Dr. Reinhard Madlener
T +49 (0)241 80 97162
F +49 (0)241 80 92206
rmadlener@eonerc.rwth-aachen.de

Research: Project Descriptions

71

Smart Metering in Private Households:
Developments in Germany
In this project, we have so far studied the developments in the
SmartMeteringmarketinGermanybyundertakingaweb-based
survey.This survey was conducted in 2008, in cooperation with
the Chair of Corporate Policy and Marketing at RWTH Aachen
University (Prof. Steffenhagen). Another part of this exploratory analysis, which is still ongoing, also encompasses residential “smart metering” concepts and time-of-use (TOU) rates
employed in recent years in Germany, and elsewhere in Europe.
In 2006, residential energy use accounted for 28.9% of
Germany’s total final energy consumption. Managing the
energy demand of this sector efficiently, therefore, plays an
important role in mitigating greenhouse gas emissions and
securing the energy supply. A main challenge in this respect
is that energy use patterns and prices are ‘invisible’ to the
user for most of the time. Most people have only a vague
idea of how much energy is needed to provide a specific
energy service, and what difference in energy consumption and total cost a change in behavior, or an investment
in energy efficiency measures or technology, would make.
Real-time feedback to energy consumers is making energy more visible and easier to control, increasing the price
elasticity of demand. This feedback may include both tariffand non-tariff-based approaches. Tariff-based approaches
typically provide price incentives to consumers for
adopting energy-saving equipment, or to alter consumption
patterns. Non-tariff-based approaches try to change consumer behavior through education or financial assistance.
Past studies of providing feedback on energy consumption
to private households have shown that it is feasible to reduce energy consumption by 5-15%. Consequently, Smart
Metering is a promising way to reach a higher level of transparency in residential energy usage and to provide consumers with instantaneous feedback which, in turn, leads to
cost-effective energy savings. These energy savings can be
direct or indirect; this means that peak-shifting or redistri-
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buting electricity demand more evenly throughout the day
(TOU rates etc.) can possibly reduce energy infrastructure
requirements. Many features of this demand-side management are not compatible with conventional metering and
billing systems.
In Hackbarth et al. (2009) we have reported on the design
and results of the questionnaire survey which aimed at detecting the kinds of feedback mechanisms, especially Smart
Metering concepts currently deployed or planned to be introduced by German electric utilities. The results of this market survey shed some light on the recent developments in
the market for Smart Metering in Germany, and perceptions
of electric utilities. They form the basis for a planned more
elaborate analysis of the (expectable) effectiveness and efficiency of specific smart-metering schemes implemented in
the German residential electricity market and of the benefits
that utilities might be able to reap from the new technology
and new business models.
In our further research, we want to concentrate on different
smart-metering concepts and tariffs, touching mainly upon
the following four questions: (1) Which tariff- or non-tariff
approach can reduce residential electricity demand most
cost-efficiently? (2) How easily can these approaches be
implemented and how are they adopted by the customers?
(3) How should the costs and benefits of each approach be
apportioned among the consumers and the utilities involved?
and (4) What are the prospects of sub-metering devices and
services?
References:
Hackbarth A., Madlener R., Reiss J., Steffenhagen H. (2008).
Smart Metering bei Haushaltskunden - Stand der Entwicklungen in Deutschland, Energiewirtschaftliche Tagesfragen,
58. Jg., Heft 11 (November), S. 70-73.

Reasons of electric utilities in Germany for dealing with Smart Metering, Source: FCN/LUM, RWTH Aachen University
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Sectoral e-Business Watch (“SeBW”)
The mission of the Sectoral e-Business Watch (SeBW) project
is to support the work of the European Commission’s Directorate-General Enterprise and Industry (DG ENTR) in the field
of ICT and e-business policies. In this policy area, DG ENTR
itself has a twofold mission:“to enhance the competitiveness
of the ICT sector, and to facilitate the efficient uptake of ICT
for European enterprises in general”.
The services of the SeBW are expected to contribute to these goals. This overall mission can be broken down into the
following main objectives: (1) to study and assess the impact
of ICT on enterprises, industries and the economy in general; (2) to highlight barriers for ICT uptake, i.e. issues that
are hindering a more effective use of ICT by enterprises in
Europe; (3) to identify and discuss public policy challenges
stemming from the observed developments, notably at the
European level; and (4) to encourage dialogue with stakeholders from industry and policy institutions, providing a forum
for debating relevant issues. By delivering evidence on ICT
impact and barriers to uptake, the SeBW is to support informed policy decision-making in ICT-related fields in several
policy domains including innovation, competition and structural policy. In this way the SeBW is to contribute to the widespread adoption and effective use of ICT across the European economy. These strategic objectives are to be realized
by systematically monitoring and analyzing ICT adoption and
e-business activity in European firms from different industries and their impact, as well as by assessing the implications of these developments for stakeholders. Stakeholders
include enterprises, their employees, suppliers and customers – be it other businesses, consumers or the public sector –, and policy institutions with a responsibility for ICT and
e-business-related issues.
The task of FCN in this project was essentially threefold:
(1) to elaborate a report on the interdependencies between
ICT and energy/electricity consumption (or intensity) at the
aggregate sectoral level; (2) to provide input to the crosssector study “An Economic Assessment of ICT Adoption and
its Impact on Innovation and Performance”; and (3) to participate in the events organized by SeBW. The work on ICT
and energy consumption has been the major focus of this
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part of the overall project. The role of ICT and e-business
in shaping energy needs and energy consumer behavior has
increased tremendously. Not only can the entity of ICT and
e-business help to reduce energy consumption and thus
costs by reorganizing production processes, but it can also
lead to additional demand for energy due to new products
and services provided and the energy consumption of the
ICT capital stock itself. Hence, the overall impact of ICT on
energy consumption is ambiguous and depends on the relative magnitude of two counteracting forces: (1) an income
effect caused by the economic boost from increased ICT use
(increase in energy consumption) and (2) a substitution effect caused by changes in the industrial structure and the
capital stock towards higher productivity (decrease in energy
consumption). Furthermore, there might also be some substitution of ICT and energy for labor and other input factors,
so that it seems useful to look at the elasticities of substitution.
References:
Bernstein R., Madlener R. (2008). The Impact of Disaggregated ICT Capital on Electricity Intensity of Production: Econometric Analysis of Major European Industries, FCN Working
Paper No. 4/2008, Institute for Future Energy Consumer
Needs and Behavior (FCN), E.ON Energy Research Center,
RWTH Aachen University, September.
Erber G., Madlener R. (2008). Impact of ICT and Human
Skills on the European Financial Intermediation Sector, FCN
Working Paper No. 5/2008, Institute for Future Energy Consumer Needs and Behavior (FCN), E.ON Energy Research
Center, RWTH Aachen University, September (also published
as EU KLEMS Working Paper No. 42, November 2008).
Erber G., Madlener R. (2009). Produktivität im Finanzsektor:
Köpfe sind wichtiger als Computer, DIW Wochenbericht Nr.
8/2009 (18 February 2009), 76. Jg., S. 126-132.
Madlener R., Bernstein R. (2008). The Implications of ICT for
Energy Consumption, Impact Study No. 9/2007, Sectoral
e-Business Watch, September.

Sectoral e-Business Watch Reports with FCN lead (Report No.9/2008) or FCN input, Source: www.ebusiness-watch.org
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Adaptation and Mitigation Strategies –
Supporting European Climate Policy (“ADAM”)
The main objective of the ADAM research consortium is to
promoteabetterunderstandingofthetrade-offsandconflicts
existingbetweenadaptation and mitigation policies.Thisproject will support EU policy development in the next stage of
the development of the Kyoto Protocol and will inform about
the emergence of new adaptation strategies for Europe.

The main impact of the ADAM project will be to improve the
quality and relevance of scientific and stakeholder contributions to the development and evaluation of climate change
policy options within the European Commission. This will
help the Commission to realize its current medium-term climate policy objectives and to help inform about its development of a longer-term climate strategy.

The particular aims of those working on the ADAM project are:

.

To assess the extent to which existing and evolving EU (and
world) mitigation and adaptation policies can achieve a tolerable transition (“soft landing”) in a world with increasing
global temperatures of no greater than 2 ˚C above pre-industrial levels, and to identify their associated costs and effectiveness, including an assessment of the damages avoided
compared to a scenario where increments in global temperatures continue unchecked up to 5 ˚C.

.

To develop and appraise a portfolio of long-term strategic
policy options that could contribute to addressing identified
shortfalls both between existing mitigation policies and the
achievement of the EU’s 2 ˚C target, and between existing
adaptation policy development and implied EU goals and targets for adaptation.

.

To develop a novel Policy-options Appraisal Framework (PAF)
and apply it both to existing and evolving policies, and to
new, long-term strategic policy options, so as to inform
about: European and international climate protection strategy in post-2012 Kyoto negotiations, a re-structuring of International Development Assistance, the EU electricity sector
and regional spatial planning.

FCN contributed to the project via a (non-representative) webbased survey among top-level executives of companies and
Organization Charts belonging to four main target groups: (1)
electric utilities; (2) energy-intensive industries; (3) consumer
associations/NGOs; and (4) public administrations dealing
with electricity and climate policy issues in Europe. The survey
was conducted in Austria, Germany, Norway, and Switzerland.
For the case of Norway, only addresses of Chief Executive Officers (CEOs) from electric utilities were available. The aim of
this particular study was to provide input for improving the
PAF, applied to the European electricity sector. The main goals
of the study were to better understand the following: (1) the
impact of adaptation and mitigation policy measures and policy mixes on the demand for electricity services in Europe;
(2) the impact of market regulation on the behavior of firms in
the electricity sector; and (3) the long-term implications and
investment decisions within the European electricity sector.
The results of the web-based questionnaire study shed some
light on the beliefs and expectations of chief executives of
electricity companies and other decision-makers and opinion
leaders in selected European countries concerning climate
change mitigation and adaptation policies and the electricity
sector in Europe.
References:

The ADAM project will lead to a better understanding of the
synergies, trade-offs and conflicts that exist between adaptation and mitigation policies at multiple scales. Crucially,
ADAM will support EU policy development in the next stage
of the development of the Kyoto Protocol, in particular, negotiations around a post-2012 global climate policy regime,
and will inform about the emergence of new adaptation strategies for Europe.
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Madlener R., Artho J. (2009). Climate Policies and the Electricity Sector in Europe: Insights from a Web-based Survey Conducted among Stakeholders in Selected European Countries.
Study report by FCN / Social Research Unit, University of
Zurich on behalf of ADAM / CEPE, ETH Zurich (forthcoming).

Web-based questionnaire used among stakeholder groups in selected European electricity markets,
Source: Madlener & Artho (2009)
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Consumer-to-Consumer Communication
Networks and Modularized Choice
In October 2008, FCN started a new series of projects that
focus on the role of consumer-to-consumer (C2C) communicationnetworksandmodularizationoftechnologiesandmeasures with respect to energy consumer choices. This research
builds upon a doctoral dissertation recently completed at
Maastricht University (Harmsen–van Hout, 2009) on “Online
Consumer-to-ConsumerCommunicationNetworks:AnEconomic Exploration of their Formation and Value”, which is briefly
summarized in the following.
Online C2C Communication Networks are characterized by
informational and social benefits as well as time and effort
costs for participants.
Therefore, this dissertation takes an economic perspective on
the network formation process as a determinant of value for
consumers and indirectly for firms. Since in participants’ linking
choices also others’ choices play a role, a game-theoretic model is introduced. It predicts which structures emerge dependent
on manipulable properties, like the relative importance that is
attached to informative versus social value and the presence or
absence of a highly valued expert. The complexity of the setting
can also influence consumers’ decisions for certain links. Lab
experimentsshowhowpeoplesystematicallysimplifymorecomplex value components, e.g., by disregarding what they receive
from indirect neighbors and what they generate for others.
Papers to publish the results from both the game-theoretical
and the experimental results of this dissertation into top academic journals are in progress. Moreover, the following three
research projects have been initiated.
Diffusion of competing energy technologies
via endogenously and strategically formed
networks
The diffusion of new energy technologies among consumers
is an important phenomenon in energy economics. Therefore, at FCN we are currently in the process of developing
a game-theoretic model of the diffusion of two competing
technologies where consumers endogenously and strategically form social interaction networks. To this end, we combine the literature on diffusion of competing technologies
(e.g., Tomochi et al. 2005) with the literature on strategic
network formation (e.g., Jackson & Watts 2002).
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Consumer communication about energy saving
in online energy discussion fora
Much about energy saving by consumers can be learned
from what they themselves tell about it in online discussion
fora. Therefore, we are visualizing the communication in
these fora in several ways. For example, the figure on the
next page reflects part of the C2C communication structure
revealed during the year 2008 on the topic “Rika Memo”
(concerning residential wood pellet stoves) at the discussion
platform www.energiesparhaus.at.
Consumer choices of packages of energysaving measures in residences
It is relevant for policy-makers to know in how far consumers
are willing to invest in energy-saving measures (e.g., Banfi
et al. 2008). Therefore, we plan to perform lab experiments
to investigate the differences between choice behavior in
making homes more energy-efficient when consumers are
offered several packages of energy-saving measures and
when they are allowed to freely choose their own package of
modularmeasures,enablingmodularized,tailoredchoiceson
the consumer and mass customization on the supply side.
References:
Banfi, S., M. Farsi, M. Filippini, and M. Jakob (2008). Willingness to pay for energy-saving measures in residential buildings. Energy Economics 30 (2), 503-516
Harmsen–van Hout, M.J.W. (2009). Online Consumer-to-Consumer Communication Networks: An Economic Exploration
of their Formation and Value. Maastricht: University Press
Jackson, M. O. and A. Watts (2002). On the formation of interaction networks in social coordination games. Games and
Economic Behavior 41 (2), 265-291
Tomochi, M., H. Murata, and M. Kono (2005). A consumerbased model of competitive diffusion: the multiplicative
effects of global and local network externalities. Journal of
Evolutionary Economics 15 (3), 273-295

Visualization of “Rika Memo” discussion network, Source: FCN

CONTACT
Dr. Marjolein Harmsen-van Hout
T +49 (0)241 80 99584
F +49 (0)241 80 92206
mharmsen@eonerc.rwth-aachen.de

Research: Project Descriptions

79

Plug-in Hybrid Electric Vehicles for CO2-Free
Mobility and Active Storage Systems for the Grid
Combining the electricity supply sector with the individual
transport system is a key element of future energy supply and
transportation scenarios.
With this in mind plug-in hybrid electric vehicles (PHEVs) offer possibilities to achieve several objectives e.g.:
(1) They open a gate for reducing CO2 emissions by means
of reducing oil-based fuel consumption in the transport sector and substitution of electricity from CO2-free generation
capacities such as wind or solar power. This is because power generation from these renewable sources fluctuates and
is thus difficult to predict. This requires additional storage
systems to assure a reduction of conventional power plants
as back-ups for wind or solar power. PHEVs can increase
the amount of flexible loads and active storage systems in
the grid, thus securing the power quality of grids and the
flexibility of grid operators; (2) PHEVs can increase the storage capacity by means of decentralized storage systems,
without any ecological impact on the landscape or related issues, other than that imposed by the vehicles; (3) e-Mobility
can improve air quality locally, e.g. in city centers; and (4)
PHEVs enable automobile drivers to switch to partial electric
driving, without having the limitations concerning the driving
range of full-electric cars.
In this project we aim at assessing prospects of PHEVs in
general and particularly of using the batteries of mass market PHEVs as storage devices that can be used to stabilize
the electric grid as a secondary economic benefit. In order
to find a suitable business model for the usage of idle PHEVs
as storage devices and to assess the chances for market
diffusion of PHEVs, we investigate technical, legal and economic aspects, and their interrelatedness. For both vehicle
owners and grid operators, acceptable economics and business models are most important for a successful integration of PHEVs into the grid. In this project, we make detailed
calculations based on cost predictions for the batteries in
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the coming years, taking into account lifetime predictions
for the batteries that depend on the operating profile, and
also taking into account customer-oriented surveys to learn
about their preferences for different business models, vehicle
operation patterns, and their willingness to pay (WTP) for
PHEVs and services. The customer surveys planned will also
include questions designed to investigate the willingness of
users to plug the vehicles to the grid so that they can be utilized by the grid operator, and to assess the (monetary) incentives that are required for an optimal user behavior. Furthermore, we will evaluate typical investment costs for equipping
large parking lots of companies, universities, etc. with the
additional infrastructure needed for plugging-in the vehicles.
These data are of great relevance for the actual availability
of vehicle to the grid (V2G) load and, therefore, the capacity
effect for the grid operator. In addition, it is necessary to
define who will bear these additional infrastructure costs, or
how that can best be split.
For the business models considered, we will also take into
account different scenarios with regard to governmental
action. Possible subsidies, tax reductions or even access
limitations to city centers for non zero-emission vehicles will
affect the acceptance of PHEVs. Only when taking all these
economic, behavioral, infrastructural and social aspects into
account, we will be able to identify the benefits and the additional
costs faced by all parties. A successful market introduction can
be achieved only if a win-win situation can be realized for all sides.
The focus of the study is primarily on the German market.
References:
Schürmann G., Madlener R., Hackbarth A. (2009). Plug-in
Hybridfahrzeuge:Marktentwicklung,Marktchancenundökonomisch interessante Fragestellungen, Proceedings of the
6th International Conference in Energy Economics „Energy,
Economy andTechnological Progress inTimes of High Energy
Prices“ (IEWT 2009), 11-13 February 2009, Vienna, Austria.

Payback periods for small-scale PHEV under various assumptions, Source: Schürmann et al. (2009), modified
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Optimization of E.ON’s Power Generation
Portfolio with a Special Focus on Renewables
The aim of this research project is to investigate the optimal
combination of existing and possible new future electricity
generation assets from an expected risk-return perspective.
We start from the efficiency frontier of the current electricity
generation technologies owned by E.ON in Europe (Central
Europe, UK, Sweden), and assess the impact of different investmentoptionsforachievingarisk-returnoptimizedproduction portfolio.
Specifically, by using the well-established Mean-Variance
Portfolio Theory (Markowitz 1952), which has attracted
some attention in recent years also in the energy economics
literature, we focus on the optimization of the expected annual return and its variance and covariance. Optimization is
done for a rational investor in an electric utility who focuses
on real assets only, and who tries to attain either the power generation portfolio with the highest or the least volatile
expected return.
The study covers the major electricity generation technologies currently in operation by E.ON, such as coal-fired,
gas-fired and nuclear power plants, as well as hydro power
plants, and then investigates the expected impact of adding
new renewable energy technologies (e.g. onshore and offshore wind, photovoltaics) and other CO2 emission mitigation options. Since the outcome of the return calculations
depends heavily on the risks involved, we thoroughly identify
and configure them in a way that is most plausible for each
specific investment option. Depending on the available data
for the investigation, the (technology-specific) risks to be
addressed include electricity spot market prices, production
capacity and availability, fuel costs, financial liabilities, and
operation and maintenance outlays. With the help of Monte
Carlo simulation, we assess each technology for its expected risk-return profile. As the investment horizon in the electricity production industry spans over several decades, we
do not only want to investigate year-to-year payoffs, but the
entire lifecycle of a plant, including the lead time to build a
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specific power generation facility, and its decommissioning
(where relevant and useful).
An important element of our study is sensitivity analysis,
which can help to identify the most influential factors affecting the technologies’ expected returns. Of great interest in
this context is the finding that the variance of a technology’s
expected return is closely related to the variance in output, thus making expected return optimization and supply security a (possibly) contradictory set of achievable
goals. We further aim at optimizing the power generation
portfolios by separating (the returns from) base-load and
peak-load technologies. By defining different scenarios
for the upper and lower bound for each electricity production technology’s share, we simulate different situations,
enabling us both to explain the risk-return profile of the current mix of technologies, and to make predictions about the
performance of envisaged future portfolios of generation
assets that will possibly rely much more on the use of
renewable energies.
References:
Madlener R., Glensk B., Raymond P. (2009). Applying
Mean-Variance Portfolio Analysis to E.ON‘s Power Generation
Portfolio in the UK and Sweden, Proceedings of the 6th International Conference in Energy Economics ”Energy, Economy
and Technological Progress in Times of High Energy Prices“
(IEWT 2009), 11 -13 February 2009, Vienna, Austria
Madlener R., Wenk C. (2008). Efficient Investment Portfolios
for the Swiss Electricity Supply Sector, FCN Working Paper
No. 2/2008, Institute for Future Energy Consumer Needs
and Behavior (FCN), E.ON Energy Research Center, RWTH
Aachen University, August
Markowitz H. M. (1952). Portfolio selection, Journal of
Finance, 7(1): 77- 91

Efficient frontier and 2007 portfolio of E.ON‘s power generation assets in the UK,
Source: Madlener et al. (2009)
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Modeling the Spatial Diffusion
of Agricultural Biogas Plants
In recent years, biogas produced from agricultural feedstock
through anaerobic digestion has experienced a tremendous
boom in Germany, turning many farmers from energy consumers into net energy producers and thus changing completely their external energy needs. At the same time biofuel
production (biodiesel, ethanol) has become an important
subject of political debate and policy support.
Hence it is interesting to study the historical and expected future diffusion of biogas plants, and also how the competition
for limited resources such as available land with high yields
can affect the dynamics of market diffusion. More-over, the
growing importance of renewable and distributed energy
sources in power generation has in recent years attracted
considerable worldwide research interest also among energy
modelers.
The main goal of this research project is to adapt and
further develop an existing multi-agent simulation (MAS)
model using Geographical Information System (GIS) data
recently developed for Switzerland (Madlener et al. 2008;
Madlener & Schmid 2008; Schmid & Madlener 2008) in such
a way that it can be applied to data sets and used for policy
analysis in Germany and possibly other countries. For this
purpose, we study the diffusion of agricultural biogas plants
in selected regions in Germany. Specifically, the aim of our
simulations is to display the estimated spatial dissemination
of the biogas technology over the period from 2008 to 2025
in the German federal states of Northrhine-Westphalia and
Bavaria, taking the different circumstances – e. g. resource
potentials, subsidy schemes, transport costs etc. – in each
region into account. The multi-agent simulation model introduced will be fed with GIS data on biogas potentials on
the community level. The spatial diffusion model will account for at least three alternative plant sizes (150 kWel,
300 kWel, 500 kWel), for which realistic assumptions regarding the parameter values over the simulation period 2008
to 2025 will be made.
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The results from the simulation runs and sensitivity analysis
shall provide evidence on expected diffusion dynamics under changing framework conditions. Moreover, it is studied
to what extent the current feed-in tariff favors certain plant
sizes and types. In addition, we also want to study to what
degree a more efficient utilization of waste heat can improve
the economic viability of biogas plants of different sizes, thus
expectedly leading to a faster market penetration process.
Several refinements of the (adapted) MAS model for Switzerland are envisaged, including the following: (1) Differentiation of the substrate types (and their costs) and a consideration of the possible substrate combinations (and maybe
technical adjustments that need to be made to the plants)
would lead to more realistic results, but at the expense of considerable additional computation costs. Due to the (expected)
lack of data for the individual substrate’s cost and co-substrate
prices, considerable additional research would need to be pursued; (2) Explicit consideration of the further technical development of the plants in response to the diffusion dynamics
would be interesting. Since the plant manufacturers are very
hesitant in providing such data, this can be expected to be
a sensitive and difficult research undertaking; (3) Refinement
of the spatial aspects could be useful. For instance, regional
differences in the granting of planning permissions or infrastructural and topological differences could lead to improved
modeling results, as would the consideration of the proximity,
size and geographical distribution of settlements and areas
where biogas plants are particularly desirable or undesirable.
Again, it is expected that additional primary data would have
to be gathered.
The following specific objectives are to be accomplished in this
project: (1) Gathering of economic, technical, institutional/regulatory and resource data that can be used to model and
analyze the spatial diffusion of agricultural biogas plants from
an economic (a social planner’s) perspective with the help of
GIS data and a multi-agent simulation (MAS) model;

(2) Exploration into possible extensions and refinements of
the existing MAS model for Switzerland that will be taken as a
starting point for the project; (3) Determination of the most influencing factors affecting diffusion dynamics (sensitivity analysis); (4) Investigation into the possible competition between
biofuel production (biodiesel, ethanol) and the production of
feedstock for anaerobic digestion, in order to determine the
expected impact in diffusion dynamics of agricultural biogas
plants caused by different pathways for biofuel production
and agricultural resource scarcities; (5) Simulation runs over
the model time horizon (i.e. until 2025); (6) Derivation of policy
recommendations (e.g. regarding the adjustment of the currently granted guaranteed feed-in tariff) that are based on the
outcome of the simulation runs and sensitivity analyses.
References:
Madlener R., Markard J., Stadelmann M., Umbach-Daniel A.
(2008). Biogasnutzung in der Schweiz: Hemmnisse, Förderfaktoren und zukunftsorientierte Analysen. Studie von ETH
Zürich (CEPE) / EAWAG (CIRUS) / Rütter+Partner im Auftrag
von novatlantis – Nachhaltigkeit im ETH-Bereich, Zürich, April
Madlener R., Schmid C. (2009). Spatial Diffusion of Biogas
Technology in Switzerland: A GIS-based Multi-Agent Simulation Approach. International Journal of Environment and
Pollution (forthcoming)
Schmid C., Madlener R. (2008). Diffusion der Biogastechnologie in der Schweiz: eine GIS-basierte MultiagentenSimulation. Zeitschrift für Energiewirtschaft 32(4): 271-279

Source: FCN
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Modeling the Diffusion of Competing Residential
Heating Systems
In terms of primary energy needs, CO2 emissions and total
cost, heat pumps are an attractive option for heat supply in
the residential and services sectors. However, in many countries market diffusion is still in its infant stage, with low market shares, esp. regarding gas-fired heat pumps, and largely
limited to the construction of new buildings. Moreover, heat
pumps compete with a number of other residential heating
systems and it is not clear which system/s will dominate the
residential heating market in the future.
The aim of this research project is to study the economic
and technical drivers and barriers for the diffusion of competing residential heating systems from a microeconomics,
evolutionary economics, and socio-technical perspective.
A special focus is put on behavioral aspects on the demand
side. We aim at a deeper understanding of the factors determining the adoption decision at the individual level and their
implications for the diffusion process and technological competition as phenomena arising from the individual decisions of
heterogeneous actors. Additionally, the current market structure and value chain for the major competing heating systems
will be studied in detail for selected markets. A special focus
of our study is put on the lessons that can be learned from
the diffusion of gas-fired condensing boilers for the expected
diffusionofheatpumpsandotherpromisingheatingtechnologies. Another special focus is on the competition between different residential heating systems, in particular the diffusion
of biomass-based residential heating systems, and its impact
on diffusion dynamics in the longer run.
The following specific objectives are to be accomplished
in this project: (1) Description of the current situation and
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future market prospects for different residential heating
systems in selected European markets from an economic and socio-technical perspective; (2) Development
of a multi-agent simulation (MAS) model for investigating the diffusion of competing heating systems, taking
both considerations related to the net-present-value and
behavioral aspects explicitly into account in the investment decision-making process; (3) Investigation into the
geographical differences in the dynamics of diffusion of
residential heating technologies (e.g. currently about half
of all heat pumps sold in Germany are installed in Bavaria
and Baden-Wuerttemberg alone, and also across Europe
diffusion dynamics vary widely); (4) Analysis of the parallels and lessons that can be learned from the diffusion of
gas-fired condensing boilers, gas-fired heat pumps, pellet
heating systems and other promising heating systems, as
a basis for developing a good practice market strategy;
(5) Application of the MAS model developed, including a
sensitivity analysis for studying the relative importance of
the explanatory variables used; (6) Derivation of recommendations for a powerful market strategy and good policy practice.
References:
Madlener R. (2007). Innovation Diffusion, Public Policy, and
Local Initiative: The Case of Wood-Fuelled District Heating
Systems in Austria, Energy Policy, 35(3): 1992-2008.
Mahapatra K., Gustavsson L., Madlener R. (2007). Bioenergy Innovations: The Case of Wood Pellet Systems in
Sweden, Technology Analysis and Strategic Management,
19(1): 99-125.

Diffusion curves for selected small-scale residential heating systems in Germany, Source: FCN, based on BDH database
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Econometric Estimation of Energy
Demand Elasticities
Energy-related policy decisions have far-reaching and longterm consequences for the structure of the prevailing energy
system. Hence also the awareness of the mechanisms of the
energy markets is an important issue.The accurate prediction
of how energy consumers react to changes in prices, income
and other explanatory variables is paramount to understand
the functioning of the markets, and to enable a more environmentally and socially benign use of energy in the future, and
to provide guidance for policy design.
Likewise, a better understanding of how energy efficiency
technologies and measures are absorbed by energy consumers is desperately needed, including an estimation of the
size of rebound effects (the rebound effect measures the extent to which gains in energy efficiency are eroded by increases in energy demand caused by the more efficient and thus
possibly less expensive provision of the energy service/s).
Elasticity estimates provide some information as to how
sensitive consumer behavior is with respect to changes in
important explanatory variables (e.g. energy price, income,
energy-using capital stock).
In the field of energy use, it is a major challenge for econometricians to determine reliable energy demand elasticities,
which are very useful for policy-makers, strategic decisionmaking of utilities, technology manufacturers, and other relevant stakeholders. Such elasticity estimates are rare, and
research interest since the early 1980s seems to have waned, despite an increasing acknowledgement that a better
understanding of energy consumer behavior is crucial for
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energy policy makers. This is all the more surprising in view
of dynamic structural changes in the energy markets and the
availability of new technologies, as well as the availability of
improved time series, cross-sectional, and micro data, and
new econometric modeling techniques (e.g. cointegration
analysis, dynamic panel data econometrics).
The main aims of this project are: (1) to summarize the state-of-the-art in using econometric techniques for estimating
elasticities of energy demand; (2) to estimate both sectoral
and aggregate elasticities of energy demand in selected
European countries for own- and cross-prices, income,
temperature, and other explanatory variables; and (3) to
compare and contrast the empirical results obtained from different model specifications, estimation techniques and data
samples used. The results will provide new insights into the
sensitivity of different classes of energy consumers with regard to changes in important explanatory variables. Furthermore, they will also shed new light on the robustness of the
econometric estimates if different subsamples of the data
are being employed.
References:
Bernstein R., Madlener R. (2008). The Impact of Disaggregated ICT Capital on Electricity Intensity of Production: Econometric Analysis of Major European Industries, FCN Working
Paper No. 4/2008, Institute for Future Energy Consumer
Needs and Behavior (FCN), E.ON Energy Research Center,
RWTH Aachen University, September.

Industrial sector data for the five largest EU member countries (France, Germany, Italy, Spain, UK), 1978-2005,
Source: data from IEA/EU-KLEMS, illustration by FCN
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CO2 Free Power Generation from Nuclear Energy
and Renewables: Perceived and Actual Risks
In recent years, it has become increasingly popular to take
financial risk considerations explicitly into account when deciding about long-term investments in power supply systems.
A major aim of this research project is to dynamize the static
approach of applying Mean-Variance Portfolio (MVP) theory
(Markowitz 1952) to power generation assets.
Portfolio theory provides a mathematical framework in which
expected returns are made a function of the risks involved.
By means of asset diversification, it enables investors to
minimize risk at a certain demanded level of return, or to
maximize returns for a given (acceptable) level of risk. Thus
it also allows to detect inefficient portfolios and to study new
investment options with respect to how they may change the
expected risk-return balance of the existing power generation
portfolio.
Portfolio theory was originally developed for the financial
markets, to determine the ideal risk-return-combination of
financial assets when diversification effects are taken into
account. It is applicable to real assets in the energy sector
and enables the study of possible improvements in the riskreturn relation from adding new renewable energy technologies to conventional power generation plant mixes based
on nuclear and fossil fuels. For instance, renewable energy
technologies typically do not have (or have a much lower)
inherent fuel and emission price risk, which makes them
attractive for risk diversification purposes. With a share of
about 76%, today’s power generation system in Europe is
largely based on fossil and nuclear energy sources. Due to
their low share in total power production, renewable energies - like wind, biomass, geothermal, solar thermal, tidal
and wave energy - are often neglected in the analysis, even
though they often have advantages concerning costs and
financial risks incurred.

The idea of this project is to push the state-of-the-art of
applying standard mean-variance portfolio analysis to power
generation assets, and to seek and compare alternative methods. A shortcoming of the standard approach is its static nature. Static approaches examine the as-is state, while
dynamic approaches may also consider technical change,
learning effects, and other impacts than price (or cost), and
their variation that may affect the risk-return situation of
technologies.
In this project we also want to investigate the additional risks that arise if public acceptance for certain technologies is low, which may severely influence or even
jeopardize the economic viability of investment projects.
Finally, we want to study the performance and impact
of cogeneration technologies on generation portfolios as
well as the economic risks that arise for large centralized
power generation in the light of the diffusion of new decentralized technologies.
References:
Breuer, C. (2009). Auswirkungen dezentraler Einspeisungen
auf die Wirtschaftlichkeit von Großkraftwerken, Studienarbeit, Institute for Future Energy Consumer Needs and Behavior (FCN), E.ON Energy Research Center, RWTH Aachen
University (forthcoming)
Markowitz H. M. (1952). Portfolio selection, Journal of
Finance, 7(1): 77-91
Westner G., Madlener R. (2009). Combined Heat-and-Power
Generation – A Portfolio Analysis of Different Technologies
Based on the new Regulatory Framework in Germany. FCN
Working Paper No. 4/2009, Institute for Future Energy Consumer Needs and Behavior (FCN), E.ON Energy Research
Center, RWTH Aachen University (forthcoming)
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FCN staff at the ground-breaking ceremony for the E.ON ERC on 4 April 2008
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Ricarda Hochwald, Dennis Krieg, Paul Raymond
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17 November 2008

eBIF 2008

The 1 t CO2 Society - A Heavy Weight?

Prof. Madlener gives a talk about “ICT Implications for Energy
Consumption and Growth” at the eBIF 2008 Conference in
Utrecht, The Netherlands.

Prof. Madlener gives a presentation on “The 1 t CO2 Vision:
A Heavy Weight for Technical Change?” at the 2008 Conference of the Swiss Association for Energy Economics (SAEE
2008), ETH Zurich, Switzerland, 17 November 2008.

2 December 2008
13 November 2008
Prof. Madlener becomes IPC Member of INGAS 2009 and SET
2009
Prof. Madlener has been appointed as a member of the International Program Committee of the 3rd International Symposium
on Natural Gas (INGAS 2009), 9-10 June 2009 in Istanbul and
the8thInternationalConferenceonSustainableEnergyTechnologies (SET 2009), 31 Aug - 3 Sep 2009 in Aachen.

ATEC 2008
Prof. Madlener gives a presentation on “Mind the gap - Energietechnologien und Herausforderungen des 21. Jahrhunderts” at the Aachen Technology Entrepreneurship Conference (ATEC 2008).
27 October & 3 November 2008

28 November 2008
New FCN Staff
Spatial Diffusion of Agricultural Biogas Technology
Christian Michelsen gives a poster presentation on“Modeling
the Spatial Diffusion of Agricultural Biogas Technology in
Germany” at the 5th GEE (Gesellschaft für Energiewissenschaft und Energiepolitik e. V.) Ph.D Student Chapter Workshop, Technische Universität Berlin.
26 November 2008

Marjolein Harmsen - van Hout and Dr. Barbara Glensk join
FCN as Research Associates.
20/29 September 2008
Prof. Madlener Joins Journal Editorial Boards
Prof. Madlener joins the Editorial Boards of Applied Energy and
of the International Journal of Energy Sector Management.

Coping with Discontinuities in Energy Systems
23 September 2008
Prof. Madlener (FCN) and Prof. De Doncker (PGS) give two
presentations at the Thematic Colloquium “Coping with Discontinuities in Energy Systems” organized by the Faculty of
Business and Economics at RWTH Aachen University.

Location plan of FCN is made available for download.

25 November 2008

19 September 2008

Invited Lecture on “Service Station Networks & Adoption of
Alternative-fuel Vehicles” (Martin Achtnicht)

Launch of the FCN Working Paper Series

On invitation by the Chair of Energy Economics and Management Martin Achtnicht (ZEW Mannheim) gives an invited lecture on the “Impact of Service Station Networks on
Purchase Decisions of Alternative-fuel Vehicles” as part of
the weekly Research Seminar in Economics of the Faculty
of Business and Economics at RWTH Aachen University.
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The Institute for Future Energy Consumer Needs and Behavior launches its own Working Paper Series, also listed
in RePEc.

18 September 2008
Media Conference on Smart Metering Survey for Germany
Prof. Madlener and André Hackbarth give a media conference on a recent survey conducted on Smart Metering activities undertaken by electric utilities in Germany.
12 August 2008
Solar Bio-Fuels 2008
Prof. Madlener gives a presentation on the relevance of
”Socio-Economic Aspects of Bioenergy Use: Research
Needs and Insights” at the Solar Bio-Fuels 2008 Conference (CeBiTec Symposium), 12-14 Aug 2008, Center for
Interdisciplinary Research (ZIF), University of Bielefeld.

4 June 2008

9 July 2008

Presentation at SURED 2008

Efficient Investment Portfolios in Power Generation

Prof. Madlener gives a paper on “A Hybrid Model for the Optimal Use of Geothermal Energy Resources” at the Monte
Verità Conference on Sustainable Resource Use and Economic Dynamics (SURED 2008), Ascona, Switzerland, 2-5
June 2008.

Prof. Madlener gives a presentation on “Efficient Investment
Portfolios for the Swiss Electricity Supply Sector” (Discussant: Benjamin Hobbs, Johns Hopkins University) at the UK
ERC 2-Day International Workshop. “Policymaking Benefits
and Limitations of Using Financial Methods and Modelling
Electricity Markets” at St. Anne‘s College in Oxford, UK, 9-10
July 2008.
8 July 2008
Invited Lecture on “Trust and Reputation Management”
(Claudia Keser)
On invitation by the Chair of Energy Economics and Management Dr Claudia Keser (DIW Berlin) gives an invited lecture
on“Trust and Reputation Management”as part of the weekly
Research Seminar in Economics of the Faculty of Business
and Economics at RWTH Aachen University.

23/24 May 2008
MIT Visit
Prof. De Doncker and Prof. Madlener visit MIT for cooperation talks.
15 May & 2 June 2008
New FCN Staff
Ronald Bernstein and Christian Michelsen join FCN as
Research Associates.
9 May 2008

11 June 2008
Risk Gov. Guidelines for Bioenergy Policies – IRGC Policy Brief
1st Year Anniversary / Open Day
FCN celebrates its 1st Year Anniversary with about
50 distinguished guests from industry and academia
(E.ON, RWTH Aachen University, FZJ, Univ of Maastricht,
among others).

Prof. Madlener gives a presentation on the International
Risk Government Council‘s (IRGC) Policy Brief on “Governing the Risks and Opportunities of Bioenergy” at the International Workshop of IEA Bioenergy Task 29 in Dublin,
Ireland, 8-10 May 2008.
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15 April 2008

1 January 2008

Electricity Price Rallye in Europe

Appointment as a DIW Research Professor

Prof. Madlener gives a talk on “Development of the Electricity Price Rallye in Europe” (in German) at the EPCON 2008
(13. IIR-Jahreskongress für die Energiewirtschaft) in Baden,
Austria, 14-16 April 2008.

Prof. Madlener is appointed as a Research Professor with the
German Institute for Economic Research (DIW Berlin).

2 April 2008

NewPublicationsbyReinhardMadlenerandExternalColleagues

Innovative Technologies for Distributed Generation

“Assessing the Performance of Biogas Plants with MultiCriteria and Data Envelopment Analysis“, European Journal
of Operational Research; (forthcoming; with C. HenggelerAntunes and L. Dias)

Prof. Madlener gives a talk on “Innovative Technologies
for Distributed Generation“ (in German) at the Euroforum
Conference „Brennpunkte der Schweizer Energiewirtschaft: Sicherung der Stromerzeugungskapazitäten und
erste Etappe der Marktöffnung“, Zurich, Switzerland, 2-3
April 2008.

20 December 2007

“Sustainable Energy Futures: Methodological Challenges
in Combining Scenarios and Participatory Multi-Criteria
Analysis“, European Journal of Operational Research;
(forthcoming; with K. Kowalski, S. Stagl, and I. Omann)

7 March 2008
New FCN Flyer Available
Release of the first FCN Flyer, available electronically
(German; English) or in print.

1 December 2007

7 February 2008

Energy Policy Special: Socio-Economic Aspects of Bioenergy

Implications of ICT and e-Biz for Energy Consumption

Guest Editors Reinhard Madlener and Julije Domac have
compiled an Energy Policy Special Section on “Modeling
Socio-Economic Aspects of Bioenergy Use: Methodologies, Case Studies, and Policy Evaluation and Guidance“
(Vol. 35, Issue 12, 2007), with two contributions by Prof.
Madlener and colleagues:

Prof. Madlener gives three presentations on work in progress
at the Sectoral e-Business W@tch Roundtable Discussion on
“ICT and e-Business Implications for Energy Consumption“,
Hotel Bloom, Brussels, Belgium.
31 January 2008
New E.ON ERC Brochure Available
Release of the first E.ON ERC Brochure (English version),
available electronically from the EON ERC Website or in print.
1 January 2008
Prof. Madlener in Editorial Board of AEQ
Prof. Madlener joins the Editorial Board of Applied Economics Quarterly.
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“Diffusion of Bioenergy in Urban Areas: Socio-Economic Analysis of the Swiss Wood-Fired Cogeneration Plant in Basel“,
Biomass and Bioenergy; (forthcoming; with S. Vögtli)
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“Economic and CO 2 Mitigation Impacts of Promoting
Biomass Heating Systems: An Input-Output Study for
Vorarlberg, Austria“ (with M. Koller)
“New Ways for the Integrated Appraisal of National Energy
Scenarios: The Case of Renewable Energy Use in Austria“
(with K. Kowalski and S. Stagl)

15 November 2007

31 August 2007

Research Cooperation with DIW Berlin

New publication by Georg Erber (DIW Berlin) and Prof. Madlener

Subcontract signed within the EU project “Sectoral e-Business Watch“, funded by DG Enterprise and Industry.

“Nested Stochastic Possibility Frontiers with Heterogeneous Capital Inputs“, DIW Discussion Paper No. 720, DIW Berlin, August.

15 November 2007

8 August 2007

Presentation “The Future of Fossil Fuels“

New publication by Prof. Madlener and Pio Baake
(DIW Berlin)

Prof. Madlener gives a talk about “The Future of Fossil
Fuels“ at the Management Engineers Forum„Climate Change
Creates Business Climate – Future Scenarios for Ecology and
Economy“ in Berlin.

“Asymmetric Strategic Investment Behavior in Network
Industries: The Case of Natural Gas Distribution in Norway“, Applied Economics Quarterly, Vol. 53 (2007) Supplement.

9 November 2007
25 July 2007
New E.ON ERC Brochure Available
Research Cooperation with ETH Zurich/CEPE
Release of the first E.ON ERC Brochure (German version),
available electronically from the EON ERC Website or in print.
8 November 2007

Two subcontracts signed between Prof. Jochem (CEPE) and
Prof. Madlener, covering four ongoing research projects
(ADAM, e3.at, novatlantis Biogas, DEA Biogas).

Expert Workshop on Fuel Cells and Virtual Power Plants

10 July 2007

Prof. Madlener participates in the Scientific Expert Workshop on “Fuel Cells and Virtual Power Plants as Elements
of a Sustainable Development“, organized by the European
Academy, Bad Neuenahr-Ahrweiler.

Invited Lecture on “Nested Stochastic Possibility Frontiers“
(Georg Erber)

8 & 15 October 2007
New FCN Staff
André Hackbarth and Ricarda Hochwald join FCN as Research Associates.

Dr. Georg Erber, Senior Economist at DIW Berlin, gives an
invited lecture on “Nested Stochastic Possibility Frontiers
with Heterogeneous Capital Inputs“ (joint research with
Prof. Madlener) as part of the weekly Research Seminar
in Economics of the Faculty of Business and Economics at
RWTH Aachen University.
1 June 2007
Prof. Madlener Starts Work

1 September 2007
Launch of FCN Website
The Website of the newly created Institute for Future Energy
Consumer Needs and Behavior (FCN) is launched.

Prof. Madlener takes up his new position as a Full Professor
of Energy Economics and Management at RWTH Aachen
University (Faculty of Business and Economics), and establishes the Institute for Future Energy Consumer Needs and
Behavior (FCN).
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Institute For Applied
Geophysics and
geothermal energy

Univ.-Prof. Dr. rer. nat. Christoph Clauser

Preface
The Institute of Applied Geophysics and Geothermal Energy
(GGE) is one of the five Institutes of the E.ON ERC. In May
2007 I accepted this newly-founded professorship into
which my previous professorship of Applied Geophysics
became integrated. Within RWTH University, GGE and its
Chair are affiliated with the Faculty of Georesources and
Materials Engineering.
In its research GGE contributes to the two R&D priorities
of the E.ON ERC, (1) Optimal Integration of Renewables
in the Energy System and (2) Efficient Use of Energy, by
addressing topics in the fields of (i) Carbon Capture and
Storage (CCS), (ii) Geothermal Power, and (iii) Geothermal
Heating, Cooling, and Air Conditioning.
In its teaching it contributes to both the German-language
B.Sc./M.Sc. programs Georesources Management and
Applied Geosciences and the English-language M.Sc. program Applied Geophysics which is implemented jointly
with the IDEA-league partner universities TU Delft and
ETH Zürich.
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Since the start of GGE in May 2007, the research activities
within GGE were communicated and documented in 41
oral and poster presentations in national and international conferences; 17 articles in peer reviewed international
journals and monographs; three doctoral, Diploma, and
Bachelor theses each; and one granted European patent.
In this period, three major research projects came to a successful end, all concerned with assessing the fate of CO2
injected in geological reservoirs and the associated chemical reactions between the dissolved CO2 and the minerals
in the formation and the formation fluid which may result
in precipitation or dissolution of minerals and associated
changes in the formation’s transmissivity for flow and storage capacity for CO2. After having performed great work
in these projects, senior researcher Dr. Michael Kühn and
research associate Robert Meyer left GGE to take up new responsibilities at Geoforschungszentrum Potsdam and Gas de
France (Lingen), respectively. Additionally, after having set
up successfully a 3D model of fluid flow and heat transport
of the Aachen-Eifel-Ardenne region and after performing lay-

out simulations for a deep borehole heat exchanger system
in Aachen, research associate Lydia Dijkshoorn left to take
up a position at SenterNovem (Sittard), one of the Netherlands leading project coordinating bodies. Also, after having
completed his training, our software engineering apprentice
Daniel Wegner left GGE.
As mature projects phased out, new large projects were
started in the fields of both geothermal energy and CCS. Correspondingly we were able contract new staff to strengthen
our team: chief engineer Dr. Roland Blaschek; senior researchers Dr. Virginie Harcouet, Dr. Mathieu McPhie, Dr. Rainer
Schütt, Dr. Samih Zein; research assistents Ines Draeger,
Jörg Dietrich, Annick Fehr, Oliver Mohnke, Christian Vogt; technician Heinz Triebe; software engineering apprentice Natalia
Günther; and GGE takes an active role in the newly granted
Collaborative Research Centre TR32 between FZ Jülich and
the universities in Aachen, Bonn and Cologne. With regard
to the Initiative for Excellence of the German federal and
state governments, GGE contributes to the Graduate School
Aachen Institute of Advanced Studies in Computational En-

gineering Science (AICES) and the sections JARA Energy
and JARA Sim (simulation science) of the Jülich-Aachen Research Alliance (JARA).
Integration into the E.ON ERC has been as much a great
opportunity as it has been a great challenge for our institute
and its entire staff. I realize that some of the achievements
required stretching our resources and infrastructure to the
limit and sometimes beyond. I therefore express my sincere
appreciation to all individual member of staff who contributed their energy and enthusiasm to our joint efforts and
achievements in the past 1 ½ years!
Aachen, March 2009
Christoph Clauser

CONTACT
Univ.-Prof. Dr. rer. nat. Christoph Clauser
Director GGE
Lochnerstraße 4 - 20
52056 Aachen
Germany

T +49 (0)241 80 99384
F +49 (0)241 80 94825
cclauser@eonerc.rwth-aachen.de
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Organization Chart
October 2008

Director GGE
Christoph Clauser
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Technical Equipment
At GGE, high-quality technical equipment is available for
measuring a variety of rock physical properties in the lab
and for measuring geophysical parameters in the field and
in boreholes. This equipment is used both in research and
contractual work and for training students in a petrophysics lab practical, a borehole logging practical, and a geophysical field practical.
Apart from petrophysical measurements and geophysical
borehole measurements, research at GGE is based mainly
on numerical simulations. Accordingly, several high-performance computers are available for numerical simulations.
The computers are partly integrated into the high-performance cluster of RWTH Aachen University which is used
by our group.

cal resistivity, sonic velocity, density, and natural spectral
Gamma radiation (K, U, Th) of rocks, for borehole diameter
and shape, and for fluid salinity, temperature, and pressure.
For measurements at the Earth’s surface,
equipment is available at GGE for:

.
.
.
.
.
.

seismic velocity – 24 channel seismic instrument;
resistivity – high-speed resistivity system with capacitive coupling;
frequency-dependent complex electrical resistivity – 20 channel IS (impedance spectroscopy) instrument;
nuclear magnetic resonance and relaxation (for inferring
water content and pore size distribution) – SNMR (surface
nuclear magnetic resonance) instrument;
magnetic field intensity – magnetometer;
magnetic susceptibility.

A wide range of technical laboratory equipment is available
for measurements of physical rock properties on samples
and for the corresponding sample preparation. Properties
studied comprise: thermal conductivity, specific heat capacity, electrical resistivity, ultrasonic velocity, density, porosity, NMR (nuclear magnetic resonance), IS (impedance
spectroscopy), magnetic susceptibility, and natural Gamma
radiation. Please see the following website for details of our
laboratory (and field geophysics) equipment: www.geophysik.rwth-aachen.de/html/hardware.htm
For measurements on rock samples under elevated pressure and temperature new laboratory equipment is currently
under construction.
Geophysical properties in the Earth can be measured in the
field either in boreholes or by non-invasive geophysical methods from the surface.
GGE owns a borehole logging instrument for measurements
up to a depth of 1500 m which comprises tools for electri-

Geophysical Survey of a Tailings Facility by Capacitive
Geoelectrics

Contact
Dr. Rainer Schütt
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T +49 (0)241 80 94831
F +49 (0)241 80 94825
rschuett@eonerc.rwth-aachen.de

Teaching
The following pages describe all teaching activities supported
by GGE. GGE contributes to the German language B.Sc. and
M.Sc. programs “Applied Geosciences” and “Georesources
Management”, as well as to the English language M.Sc. program“Applied Geophysics”which is implemented jointly with
the IDEA-league partner universities TU Delft and ETH Zürich.
GGE offers courses on Physics of the Earth, Applied Geophysics, Petrophysics and Geothermal Energy at bachelor and
master level which comprise theoretical and practical education. These courses are also still open to students of the diploma programs in Geology or Physics which are phasing out.
The teaching staff of GGE comprises Professor Dr. Christoph
Clauser, Dr. Roland Blaschek, Dr. Frank Bosch, and Dr. Norbert
Klitzsch.
The bachelor and master programs “Applied Geosciences“
provide interdisciplinary training in a wide scope of geosciences. The curriculum focuses on today‘s demands specified by industry and academia regarding, for instance, providing sufficient mineral and energy resources with a view on

understanding the relevant processes in the system Earth.
Among these programs, the B.Sc. program „Georesources
Management“ has seen a tremendous increase in inscriptions
of more than 180 in the winter term 2007/ 2008 compared to
about 60 in “Applied Geosciences. While this documents the
appeal of both programs, this overstretches the resources by
far and admission had to be limited to 40 students in each of
the two programs.
The new and particularly innovative IDEA League Joint Master in Applied Geophysics (http://www.idealeague.org/geophysics) established in 2006 as a joint program between the
IDEA-League partners Delft Technical University (TUD), Swiss
Federal Institute of Technology Zurich (ETHZ), and RWTH Aachen University also enjoys increased interest from both students and industry with inscriptions rising from 6 in 2006, to
18 and 16 in 2007 and 2008, respectively. Also industry (Enel,
E.ON, RWE Dea, Shell, StatoilHydro, Wintershall) demonstrates interest by supporting the program with stipends as well
as projects for master thesis topics performed in collaboration
between industry and university.
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Courses
B.Sc. Angewandte Geowissenschaften /B.Sc. Georessourcenmanagement
Summer Term 2007

EN

SPPW

Title

Lecturer

DE

Grundlagen der Angewandten Geophysik II (Magnetik,
Geoelektrik, Elektromagnetik)

Prof. Dr. Christoph Clauser
Dr. Norbert Klitzsch

+

L4, E2

Geothermik

Prof. Dr. Christoph Clauser

+

L2

Modellierung von Strömung, Stoff- und Wärmetransport
in porösen Medien (mit Übungen am PC)

Prof. Dr. Christoph Clauser

+

L/E2

Angewandte Geothermik

Prof. Dr. Christoph Clauser

+

L/E2

Scientific Reading And Writing (STRAW)

Prof. Dr. Christoph Clauser

+

L/E2

Geophysikalisches Praktikum

Dr. Norbert Klitzsch

+

FE2

Offenes Diplomanden- und Doktoranden-Seminar

Dr. Frank Bosch

+

Anleitung zum selbständigen wissenschaftlichen Arbeiten

Prof. Dr. Christoph Clauser

+

Tut2

3D-Seismik der Fa. DMT in Österreich und Tiefbohrung

Prof. Dr. Christoph Clauser
Dr. Frank Bosch

+

Exc2

Geophysikalisches Praktikum

Prof. Dr. Christoph Clauser
Dr. Norbert Klitzsch

+

FE2

Title

Lecturer

DE

Einführung in die Geophysik

Dr. Frank Bosch

+

L2, E2, Tut2

Grundlagen der angewandten Geophysik I – Seismik,
Gravimetrie

Prof. Dr. Christoph Clauser
Dr. Norbert Klitzsch

+

L4
E2

Offenes Diplomanden- und Doktoranden-Seminar

Dr. Frank Bosch

+

AnleitungzumselbständigenwissenschaftlichenArbeiten

Christoph Clauser

+

+

S2

Winter Term 2007/2008
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EN

+

SPPW

S2
Tut2

Summer Term 2008

DE

EN

SPPW

Title

Lecturer

Grundlagen der Angewandten Geophysik II (Magnetik,
Geoelektrik, Elektromagnetik)

Dr. Roland Blaschek
Dr. Norbert Klitzsch

+

L4, E2

Angewandte Geothermik

Prof. Dr. Christoph Clauser

+

L2, E2

Scientific Reading And Writing (STRAW)

Prof. Dr. Franz Michel Meyer
Dr. Annika Dziggel
Prof. Dr. Christoph Clauser

+

+

L/E2

Offenes Diplomanden- und Doktoranden-Seminar

Dr. Frank Bosch

+

+

S2

AnleitungzumselbständigenwissenschaftlichenArbeiten

Prof. Dr. Christoph Clauser

+

Tut2

ErkundungsmethodenderGeophysik,Hydrogeologieund
Ingenieurgeologie

Prof. Dr. Thomas R. Rüde
Dipl.-Geol. Christoph Senz
Dr. Tomás M.
Fernández-Steeger
Dr. Norbert Klitzsch
Dr. Frank Bosch

+

FE2

Geothermieexkursion mit Geothermie Zentrum Bochum

Prof. Dr. Rolf Bracke (GZB)
Dipl.-Ing.(FH)
Bastian Görke M.Sc.

+

Exc2

3D-Seismik der Fa. DMT in Süddeutschland

Dr. Frank Bosch
Dr. Roland Blaschek

+

Exc2

Geothermie-Exkursion

Prof. Dr. Christoph Clauser
Dr. Frank Bosch

+

Exc2
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Winter Term 2008/2009

DE

EN

SPPW

Title

Lecturer

Einführung in die Geophysik

Dr. Frank Bosch

+

L4, E2, Tut4

Grundlagen der angewandten Geophysik I –
Seismik, Gravimetrie

Prof. Dr. Christoph Clauser
Dr. Norbert Klitzsch

+

L4, E2

Offenes Diplomanden- und Doktoranden-Seminar

Dr. Frank Bosch

+

Anleitung zum selbständigen wissenschaftlichen Arbeiten

Prof. Dr. Christoph Clauser

+

+

S2
Tut2

M.Sc. Angewandte Geowissenschaften
Winter Term 2008/2009

DE

EN

SPPW

Title

Lecturer

Strömungs- und Transportmodellierung

Dr. Roland Blaschek

+

L/E2

Projektarbeit Numerische Modellierung

Dipl.-Geol. Thomas Demmel
Dr. Roland Blaschek

+

L/E2

IDEA League Joint M.Sc in Applied Geophysics (Collaboration of ETH Zurich,
TU Delft and RWTH Aachen University)
Sep 2007 – Dec 2007; Sep 2008 – Dec 2008
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DE

EN

SPPW

Title

Lecturer

Geothermics

Prof. Dr. Christoph Clauser

+

L/E

Geophysics Special Methods: NMR and SIP

Prof. Dr. Bernhard Blümich
Dr. Norbert Klitzsch

+

L/E

Geophysical Logging and Log Interpretation

Dr. Renate Pechnig
Dr. Frank Bosch

+

L/E

Petrophysics

Dr. Bernhard Krooss
Dr. Frank Bosch

+

L/E
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Courses
Courses at Bachelor level
Introduction to Geophysics
Dr. Frank Bosch, Prof. Dr. Christoph Clauser
Introduction to Geophysics is a basic course for B.Sc. students of Applied Geosciences (2nd year) and Georesources
Management (3rd year). During one semester, it introduces
to the physics of the Earth and addresses the following subjects in particular: radioactive dating of rocks; seismology;
earthquakes and Earth‘s natural oscillations; Earth‘s magnetic field and its variations through time; gravity and figure of
the Earth; thermal regime of the Earth.
Students deepen their understanding obtained in lectures by
exercises and tutorials on the physical basics, the application and interpretation of the different methods.
Fundamentals of Applied Geophysics I and II
Dr. Roland Blaschek, Prof. Dr. Christoph Clauser, Dr. Norbert
Klitzsch
Applied Geophysics focuses on the exploration of economically attractive resources, such as hydrocarbons, ores,
groundwater, and geothermal energy, and the detection of
soil contaminations and cavities. Topics in material sciences
are touched when applied geophysicists study the structural
integrity of buildings or the sealing properties of levees.
Therefore, during its two semesters, the course deals with
both the geophysical exploration methods for identifying
structures of the Earth‘s crust and the physical properties
of the different parts of the crust. It introduces geophysical
methods suitable for exploration of these different targets
and explains measurement principles and interpretation methods. Part I covers seismic and gravity methods (Lectures:
Prof. Christoph Clauser; Exercises: Dr. Norbert Klitzsch),
while part 2 deals with magnetic, electrical, and electromagnetic methods (Lectures: Dr. Roland Blaschek; Exercises: Dr.
Norbert Klitzsch).
Applied Geothermics
Prof. Dr. Christoph Clauser
The course offers a balanced and comprehensive treatment
of geothermal methods. It comprises both (i) the basics of

terrestrial heat transfer by heat conduction and advection
and (ii) techniques for prospecting for and mining of geothermal heat. Subjects covered include: field and lab techniques
for geothermal prospecting; thermophysical rock properties;
thermal signatures of various transient and steady-state
heat transfer processes; quantifying flow from its thermal
signature; types of geothermal resources; assessment of
geothermal potential and evaluation of corresponding heat
mining techniques; design calculations for heat mining installations.
Scientific Reading and Writing (STRAW)
Prof. Dr. Christoph Clauser (Scientific Writing)
The course introduces to the craft of writing technical and
scientific texts. It addresses (1) the different types of written
work (qualification thesis, journal paper, outreach paper); (2)
how to structure a text into different sections (title, authors,
affiliations, abstract; introduction; description of techniques
and observations; interpretation; discussion; summary or
conclusions; acknowledgements; references; tables and
headings and figures and captions); (3) aspects of style (use
of units, referencing and list of references, special aspects
with respect to German and English texts); (4) tools for writing, handling literature and drafting figures (word processors (e.g. MS-WORD), literature data banks (e.g. BIBLIST);
plotting software (e.g. Axum, Grapher, Excel)).
Survey Methods in Geophysics, Hydrogeology
and Engineering Geology
Dr. Frank Bosch, Dr. Norbert Klitzsch
This ten-day field practical is performed in collaboration
by the institutes of „Applied Geophysics and Geothermal
Energy“, “Hydrogeology”, and „Engineering Geology and
Hydrogeology“ (Prof. Dr. Thomas Rüde, Dipl. Geol. Christoph Senz, Dr. Thomas Fernandez-Steeger). It was first
established in the summer term of 2008 and replaces
the former geophysical field course (Geophysikalisches
Praktikum) which was organized last in the summer term
of 2007. Students perform practical geophysical, hydrogeological and engineering geological measurements
and interpret and present their results in oral and written
form. This field practical benefits from its interdisciplinary approach in solving typical problems in near-surface
geoscience.
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Courses at Bachelor level
Introduction to Geophysics
Dr. Frank Bosch, Prof. Dr. Christoph Clauser
Introduction to Geophysics is a basic course for B.Sc. students of Applied Geosciences (2nd year) and Georesources
Management (3rd year). During one semester, it introduces
to the physics of the Earth and addresses the following subjects in particular: radioactive dating of rocks; seismology;
earthquakes and Earth‘s natural oscillations; Earth‘s magnetic field and its variations through time; gravity and figure of
the Earth; thermal regime of the Earth.
Students deepen their understanding obtained in lectures by
exercises and tutorials on the physical basics, the application and interpretation of the different methods.

Fundamentals of Applied Geophysics I and II
Dr. Roland Blaschek, Prof. Dr. Christoph Clauser, Dr. Norbert
Klitzsch
Applied Geophysics focuses on the exploration of economically attractive resources, such as hydrocarbons, ores,
groundwater, and geothermal energy, and the detection of
soil contaminations and cavities. Topics in material sciences
are touched when applied geophysicists study the structural
integrity of buildings or the sealing properties of levees.
Therefore, during its two semesters, the course deals with
both the geophysical exploration methods for identifying
structures of the Earth‘s crust and the physical properties
of the different parts of the crust. It introduces geophysical
methods suitable for exploration of these different targets
and explains measurement principles and interpretation methods. Part I covers seismic and gravity methods (Lectures:
Prof. Christoph Clauser; Exercises: Dr. Norbert Klitzsch),
while part 2 deals with magnetic, electrical, and electromagnetic methods (Lectures: Dr. Roland Blaschek; Exercises: Dr.
Norbert Klitzsch).

Applied Geothermics
Prof. Dr. Christoph Clauser
The course offers a balanced and comprehensive treatment
of geothermal methods. It comprises both (i) the basics of
terrestrial heat transfer by heat conduction and advection
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and (ii) techniques for prospecting for and mining of geothermal heat. Subjects covered include: field and lab techniques
for geothermal prospecting; thermophysical rock properties;
thermal signatures of various transient and steady-state
heat transfer processes; quantifying flow from its thermal
signature; types of geothermal resources; assessment of
geothermal potential and evaluation of corresponding heat
mining techniques; design calculations for heat mining installations.

Scientific Reading and Writing (STRAW)
Prof. Dr. Christoph Clauser (Scientific Writing)
The course introduces to the craft of writing technical
and scientific texts. It addresses (1) the different types of
written work (qualification thesis, journal paper, outreach
paper); (2) how to structure a text into different sections
(title, authors, affiliations, abstract; introduction; description of techniques and observations; interpretation; discussion; summary or conclusions; acknowledgements; references; tables and headings and figures and captions);
(3) aspects of style (use of units, referencing and list of
references, special aspects with respect to German and
English texts); (4) tools for writing, handling literature and
drafting figures (word processors (e.g. MS-WORD), literature data banks (e.g. BIBLIST); plotting software (e.g.
Axum, Grapher, Excel)).

Survey Methods in Geophysics, Hydrogeology
and Engineering Geology
Dr. Frank Bosch, Dr. Norbert Klitzsch
This ten-day field practical is performed in collaboration
by the institutes of „Applied Geophysics and Geothermal
Energy“, “Hydrogeology”, and „Engineering Geology and
Hydrogeology“ (Prof. Dr. Thomas Rüde, Dipl. Geol. Christoph Senz, Dr. Thomas Fernandez-Steeger). It was first
established in the summer term of 2008 and replaces
the former geophysical field course (Geophysikalisches
Praktikum) which was organized last in the summer term
of 2007. Students perform practical geophysical, hydrogeological and engineering geological measurements
and interpret and present their results in oral and written
form. This field practical benefits from its interdisciplinary approach in solving typical problems in near-surface
geoscience.

Geothermics Field Trips
Dr. Frank Bosch, Prof. Dr. Christoph Clauser
In the summer term of 2008, the institute offered two geothermics field trips (five and six days), one of which was
organized by„Geothermiezentrum Bochum“ (Prof. Dr. Rolf
Bracke). Both field trips visited commercial facilities and
research projects regarded as milestones for the use of
geothermal energy in France, Switzerland, Southern Germany and Austria. Students obtained insight in the application of different techniques for using geothermal energy
for heating and the production of electricity.

Field Trips to 3D-Seismic Surveys of the Deutsche Montan Technologie (DMT)
Dr. Roland Blaschek, Dr. Frank Bosch, Prof. Dr. Christoph
Clauser
These two field trips of five days each organized in the summer terms of 2007 (Bosch, Clauser) and 2008 (Bosch, Blaschek) visited commercial 3D seismic surveys of the geophysical service company DMT (Essen, Germany). Students
visited commercial seismic surveys for the exploration of
hydrocarbons in Austria and gas storage fields near lake
Chiemsee, Germany. The techniques employed and logistics required were presented to the students during visits
to active survey teams in the field and the logistic field centers. Visits of drilling locations and gas storage facilities
complemented the insight into the seismic field surveys
and highlighted their commercial context.

Courses at Master Level:
Flow and Transport Modeling
Dr. Roland Blaschek
This course is a mixture of lectures and computerised
exercises aiming at a deeper understanding of the numerical implementation of mathematical descriptions of
numerical simulations of flow and transport in porous media. First, the necessary technical terms and correlations
from hydrogeology are introduced. Then, simple models
are studied dealing with flow, heat and mass transport.
Boundary conditions and numerical problems, such as
time and space discretization, are explained as well as the
basic principles of finite difference, finite element, and
random walk techniques. This conveys a deeper insight

into how common software packages actually work. These
programs are used in the parallel course ‘Numerical Simulation Project (Projektarbeit numerische Modellierung),
see below’. Both courses are examined jointly.

Numerical Simulation Project
Dr. Roland Blaschek, Dipl.-Geol.Thomas Demmel (Engineering Geology and Hydrogeology)
This course applies the information conveyed in the course
on“Flow and Transport Modeling”(‘Strömungs- und Transportmodellierung’) using available software packages. The
focus is on more complex models of flow and transport
and aims at solving realistic problems. Different problems
are addressed during several weeks in each case. The
main topic is the development of a hydrogeological model
from given data including setting up, calibrating, validating, and analyzing the sensitivity of a numerical model.

IDEA League Joint M.Sc. in Applied
Geophysics
Geothermics
Prof. Dr. Christoph Clauser
The course offers a balanced and comprehensive treatment of geothermal methods. It comprises both (i) the
basics of terrestrial heat transfer by heat conduction and
advection and (ii) techniques for prospecting for and mining of geothermal heat. Subjects covered include: field
and lab techniques for geothermal prospecting; thermophysical rock properties; thermal signatures of various
transient and steady-state heat transfer processes; quantifying flow from its thermal signature; types of geothermal resources; assessment of geothermal potential and
evaluation of corresponding heat mining techniques; design calculations for heat mining installations.
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Geophysics Special Methods: NMR and SIP
Prof. Dr. Dr. h.c. Bernhard Blümich (Macro-molecular Chemistry), Dr. Norbert Klitzsch

Petrophysics
Dr. Frank Bosch, Dr. Bernd Krooss (Geology, Geochemistry, and
Reservoirs of Oil and Coal)

Fundamentals and applications of the methods of nuclear
magnetic resonance (NMR) and spectral induced polarization (SIP) are introduced. A first block addresses the NMR
effect, the NMR hardware, techniques to measure NMR relaxation and diffusion, magnetic resonance imaging (MRI),
and NMR well logging. A second block deals with electrical
conduction and polarization mechanisms, the relation of the
SIP response to rock properties, SIP model theories, experimental set-ups, and applications of the SIP method.

The course comprises two parts: The first part focuses on theories for describing physical rock properties. The second part
tests students‘ perception of key concepts and methods by
laboratory exercises or solving of problem sets, the results of
which are presented by the students.

Geophysical Logging and Log Interpretation
Dr. Frank Bosch, Dr. Renate Pechnig
The course consists of two parts: The first part focuses on
the physical principles of the different borehole measurements, and their petrophysical and geological interpretation, in particular: basics of data acquisition; data processing
and quality control; wireline and LWD techniques; principles of conventional measurements (gamma, neutron, density, sonic, resistivity); principles of special measurements
(Image logs, NMR); log interpretation techniques, e. g. rock
identification, sequence analysis, fluid and hydrocarbon
identification, cross-plot and overlay techniques; basics of
core-log integration, link to laboratory petrophysics, and
geochemistry; basics of petrophysical interpretations with
respect to, e. g., porosity, saturation, permeability.
The second part comprises practical examination in well
log data acquisition followed by data processing and interpretation, in particular: practice in slim hole logging; onsite training (unit mobilization, tool calibration and data
acquisition); data editing and quality control (borehole corrections, depth matching, splicing); integration of logs with
information from core or cuttings from the measured well;
interpretation of the recorded data and preparation of a
report.
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The course deals with both the direct measurement of rock
properties (such as porosity, specific surface area, permeability) and the derivation of certain rock properties from other
physical properties (e. g. resistivity, seismic velocity, density, and natural gamma radiation). To this end, the theoretical
background is provided and laboratory experiments are performed and analyzed. In particular, it is emphasized how petrophysical properties are interrelated and how certain measured
properties may be used to infer other rock properties.

OPEN SEMINAR
Open Seminar
Dr. Frank Bosch
This weekly seminar joins students and staff at the institute
of„Applied Geophysics and Geothermal Energy“ for presentations of results from on-going work at the institute or reported
in literature. In each semester, selected invited speakers from
the entire field of applied geophysics complement the program. Besides of conveying and discussing current scientific
results, the seminar provides advanced students with an opportunity to experience technical presentation of experienced
scientists and practice presentations of their own.

Feasibility of Small Diameter
Exploration Boreholes
Geological prospecting is a crucial step in the economical recovery of natural resources. This project examined and evaluated technical features for the drilling of deep exploration
boreholes and defined research aspects with a focus on cost
reduction.
Boreholes down to 3000 m – 5000 m depth are usually drilled
with diameters starting at 13.5‘‘ and 24‘‘ and telescopic diameter reduction to 5.5‘‘ to 7‘‘, respectively at greater depth.
The handling of the corresponding equipment requires heavy
drill rigs and is very expensive. Boreholes are drilled by rotating a long drill pipe or by downhole motors driven by the
circulating drilling fluid. In contrast, coiled tubing (CT) drilling
is a relatively new technology where the drill string does not
consist of individual segments screwed to each other, but is
coiled in total on a reel. CT drilling always requires a downhole motor (Fig. 1).
Boreholes for exploration do not require the large diameters
of production boreholes. Thus, smaller diameters may serve
to reduce drilling cost. This study assessed the feasibility
and economic potential of small-diameter, for exploration
only boreholes. Essential research aspects were defined, a
research proposal was written, and funding was applied for.
State of the art equipment is available for boreholes with
diameters of 3‘‘ and larger. The circulating drilling fluid and
its properties becomes critical part for such small diameters. In many cases, not all of the requirements with respect
to cuttings transport, drill bit cooling, borehole stabilization,
and motor drive can be satisfied any longer at the same time.
Therefore it is preferable to separate fluid circulation and motor drive. An electrical downhole motor does not meet this
important requirement but also allows a better control of the
drilling performance due to the direct control of power. For
an electrical borehole drive and its associated semiconductor switches and capacitors the environmental conditions
in a borehole are most challenging. We considered various
ways of providing electrical energy down into the borehole.
As the cable’s demand for reactive power increases with its

length, DC was considered in addition to AC. With DC transmission, the drive’s inverter needs to be installed downhole.
The diameter of the conductor needs to be minimized as it
reduces the diameter of the free space available for circulating the drilling fluid. Therefore, high voltage, in the kV range,
should be used to transmit the power down the well. The
combination of coiled tubing with electrical downhole motors allows drilling deep boreholes with small rigs but requires more expensive composite tubing (Fig. 2). The smaller
size may reduce the cost of drilling a borehole, and the better
fluid circulation will increase the borehole stability and penetration rate.
This exploratory project preparation study was funded by
the E.ON ERC for one year, ending December 2008. Based
on the results of this study, a proposal was submitted for
funding of a research and development project for developing an electrical drilling motor and downhole geophysical
data acquisition in response to a call for proposals by DGMK
(Deutsche Wissenschaftliche Gesellschaft für Erdöl, Erdgas
und Kohle) e. V.. Additional funding is sought from interested
industrial partners.

Composite tubing for transmission of energy and data.
Compact Coiled Tubing unit.
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Geothermal Power Production in Turkey –
Preparation of a Proposal in EU FP7
To support and increase the development of electricity production from geothermal sources, GGE initiated and helped
to submit a proposal in the seventh Research Framework Programme (FP7) of the EU. The final goal of the project is to build
a geothermal power plant (of ~3 MWe) for a low-to-medium
enthalpy reservoir in Turkey and demonstrate the viability of
aneconomicallyworking facility making use of optimizedprocedures for each phase of the installation.
Turkey’s rich geothermal resources are used only sparsely
for electricity generation. Thus, Turkey is one of the most
promising countries to develop, test, and apply new methodology for the exploration, development, and operation of
geothermal reservoirs. Our project will apply techniques developed in a research project to a reservoir in the Simav region, creating a universal approach applicable to many other
locations in Europe.
Within the scope of this GEOPOT project, a strong and experienced consortium has been composed consisting of partners
from Industry (E.ON Engineering (D), Zorlu Enerji (TR), General Electric (USA), CAPD (TR), Geophysica (D)) and academia
(TÜBITAK MRC (TR), BRGM (F), CNR (I), TUM (D), RWTH (D)).
Currently, the different main objectives are addressed in the
fields of exploration, development, and energy conversion
and field operation. However, common to all are the aspects
of cost reduction and increase of efficiency of this technology
for market penetration on a large scale. One major task is
to reduce the high investment costs ahead of an economic
production well as 1/2 to 2/3 of the costs of geothermal
plants are associated with the drilling of the wells.
The overall aim of our project is to optimize the exploitation
of geothermal reservoirs in all relevant aspects and develop an integral concept for the management of geothermal
resources. Also important is strengthening of international
cooperation among the partners of our conclusive multinational team. This EU-project will form the perfect platform to
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make the general public aware of the potential of geothermal
energy and to broadcast the key messages to policy and decision makers. Our industry partners have credible plans for
exploitation and replication of the expected results and will
demonstrate their ability to exploit this potential.
Our approach is based on a novel strategy for exploration,
using prognostic simulation tools with risk assessment capabilities. First, an initial model of the subsurface is set up
using all available data. Then, numerical simulations optimize
the locations of the exploration wells and quantify uncertainty. Using information from these wells to update the model,
boreholes are optimized iteratively until sufficient certainty is
obtained for locating and drilling production wells.
As there is also a lack of mature and standardized products
and procedures to exploit a geothermal reservoir, the project
alsodealswithoptimumpowerconversion.Alaboratoryexperiment will study heat transfer under supercritical conditions
for a range of suitable working fluids, a major uncertainty for
the design of heat exchangers. We will analyze the suitability
of a number of software tools for modeling geothermal power
conversion plants. This information will allow decisions to be
made for other potential sites. Furthermore, we will optimize
the plant economically. The group of Prof. Madlener (FCN)
will develop a generic economic-geo-engineering model for
optimal extraction from a geothermal reservoir and optimal
plant operation, and apply it to the Simav region.
Finally, the project addresses seismic risk assessment which
is essential even though no active reservoir stimulation is
intended since the reservoir is located in a seismically active
region (see Figure).
The project was funded by a research grant from the E.ON ERC.

Main tectonic features of the project region, after Aydin et al., 2005.
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Statistically Significant Rock Properties
for Geothermal Use
This project compiles a statistically significant data base
of thermal and hydraulic properties of subsurface rocks
in Germany in order to facilitate and improve the design of
geothermal installations in the planning stage. Data from direct measurements on core samples are combined with the
interpretation of geophysical borehole measurements to derive statistical moments of the desired properties for selected
main rock types in the German subsurface.
A major obstacle for an increased use of geothermal energy in Germany lies in the high risk of failure due to the
unknown properties of target rocks at depth. In general,
the ranges of thermal and hydraulic properties in existing
compilations of rock properties are too large to be useful
to constrain properties for specific sites. Usually, conservative assumptions are made about these properties, resulting in greater drilling depth and increased exploration
cost.

In addition, we measured porosity, bulk density, and matrix density based on Archimedes’ principle and pycnometer
analysis. Tests on a smaller collection also include specific
heat capacity, hydraulic permeability, and radiogenic heat
production rate.
Up until the beginning of 2008, we analyzed fresh core from
Tertiary sediments (clay, silt, sand, lignite) from an exploration
borehole in the centre of the Lower Rhine Embayment. The
samples represent the sequence of the youngest basin sediments of up to a depth of 1000 m. Different grades of consolidationandsaturationrequiredcustomizingstandardmethods
for the measuring rock properties in the laboratory.

To overcome this predicament, we study the thermal and
hydraulic rock properties of the main rock types in Germany via a statistical approach (Fig. 1). This allows developing
better models for the planning of geothermal installations.
An important aspect of our approach consists of using both
core samples and geophysical borehole measurements from
exploration wells which up to now remain largely unused for
the purpose of geothermal exploration.

In the current project stage, we have been analyzing mostly
Devonian and Carboniferous drill cores from 20 deep boreholes in the region of the Lower Rhine Embayment and the
Ruhr area. In total, we selected 230 solid core samples with
a length of up to 30 cm from the core archive of the State Geological Survey. Next, this core data set is combined
with log data and complementary mineralogical analyses to
derive lithologic depth profiles. This, in turn, enables calculating the corresponding thermal conductivity profiles. As
a final result, this information may be used to infer thermal conductivity from log data for boreholes which were
drilled in a similar geological setting but lack appropriate
core data.

Using modern core scanning technology allowed measuring rapidly thermal conductivity, sonic velocity, and gamma
density with high resolution on a large number of samples.

This study was funded by the German Federal Ministry for
the Environment, Nature Conservation and Nuclear Safety,
grant FKZ 0327563.

Contact
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Histogram and statistical moments (*: mean; -: median; box: 25 and 75 percentile; |----|: min-max range) for thermal
conductivity and porosity of Mesozoic core samples of the Southern German Molasse Basin.
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CO2 Seals - Cap rock processes
in geological CO2 storage
The joint research project CO2Seals is an investigation in
sealing efficiency of cap rocks above potential CO2 storage
sites. It includes an integrated approach from laboratory experiment to reservoir scale numerical modelling.
The CO2Seals project started in August 2008. It is funded
with the BMBF’s “GEOTECHNOLOGIEN” R&D program and
is a joint research project between RWTH Aachen University
and the University of Karlsruhe (TH). The CO2Seals project is
co-funded by the industry partner Shell International Exploration and Production, Netherlands.

Thegenericgeologicalreservoirandoverburdenmodelscomprise generic structural geological features, such as faults, in
Mesozoic and Cenozoic formations of the Northern German
Sedimentary Basin or other large sedimentary basins. This
research project will yield new numerical simulation tools for
risk and safety assessment and provide decision

Based on previous and ongoing research activities, this
project seeks to evaluate the sealing properties of geological barriers exposed to dissolved and free CO2. In addition to mineralogical, petrophysical and geochemical
properties of litho-types, the effect of structural features
like faults and joint networks in the overburden on the
migration of CO2 will be studied.
Besides mineralogical and petrophysical laboratory analyses of mineral alteration, mineral trapping, sorption
capacity, and solubility associated with interactions of
CO2, brine, and rock, triaxial CO 2 percolation flow experiments will be performed under in situ pressure and
temperature conditions (see Figure).
The experiments are expected to show the changes of
mineralogical, petrophysical and hydraulic properties of
different sedimentary rock types brought about by the
impact of migration CO2. These may consist in variations
of petrophysical properties, such as porosity, relative
rock (CO2 and brine) permeability, and fault permeability.

CO2-brine-rock interactions under in-situ pressure p,
temperature T, and concentration C.

Contact
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Modelling Multi-Phase Flow
and CO2 Storage
The in-house SHEMAT code for simulation of flow, species and
heat transport, and geochemical fluid rock reactions is generalized to include multiphase gas flow, for the simulation of
CO2 storage and geothermal applications.
The geological storage of CO2 is one of the methods being
considered by scientists and engineers all over the world to
reduce the emission of CO2 into the atmosphere. Deep saline
aquifers provide a promising option for storage possibilities.
The in-house program SHEMAT for simulation of reactive
flow and transport which has been released commercially,
is very detailed in its approach to chemical reactions and
geochemical changes that occur in deep saline aquifers.
We wish to enhance SHEMAT to enable multi-phase flow
simulations and to thus create a complete reservoir simulation code for applications in CO2 storage and geothermal
steam reservoirs. In the case of CO2 storage, the phases
(fluids) present are supercritical CO2 and brine, and in the
case of geothermal applications the fluids are steam (or
more generally, a gas phase) and brine. Multi-phase heat
and mass balance equations have been developed which
simplify directly to those used in the original SHEMAT code,
when only one phase is present. Implementation of these
equations into the SHEMAT code is currently under way.
As an example of the importance of considering chemical
reactions in CO2 storage applications consider the following:
the dissolution of CO2 in brine induces chemical reactions
with water to produce carbonic acids, which lower the pH of
the brine. This increased acidity may induce dissolution of
minerals from the rock matrix and therefore cause further
reactions which may lead to the long-term geochemical trap-

ping of CO2 by, for example, production of solid or solute
calcium carbonate.
Requirements of the simulation of these complicated fluids are
suitable thermophysical property modules for the phases, and
approximations for the chemical reaction constants, including
solubility. The CO2-H2O (plus dissolved salts and minerals)
two-phase system at temperatures and pressures applicable
to deep saline aquifers has only recently become of interest to
the scientific community. A detailed literature review of availableapproximationshasbeenmadeandsuitablemoduleswere
chosen.

CO2 storage in the Sleipner gas field,
source: www.sintef.no
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Characterization of transport properties
of soils with SIP & NMR
Structural and state properties (water content, concentration)
of soils as well as their changes are measured and visualised
from the pore scale up to the field scale based on the noninvasive and also imaging techniques of Spectral Induced Polarisation (SIP) or impedance spectroscopy (IS) and Nuclear
Magnetic Resonance (NMR) or relaxometry and diffusometry.
Theinformationprovidedbythesemeasurementswillbeused
to derive soil structural and state properties of the vadose
(unsaturated) zone. This project is part of the Transregional Collaborative Research Centre 32 (SFB TR 32, German
Research Foundation - DFG).
In contrast to commonly used direct sampling and local observations, geophysical methods yield continuous and spatially resolved information of the subsurface. Since geophysical methods provide information related to the measurement
principle used (e.g. electrical properties from electrical measurements), the information derived from these measurements needs to be translated into hydraulic flow and transport properties. Thus, the scientific goal of this project is to
translate electrical data into structural and state properties
of the vadose zone soil where heterogeneities in these properties strongly influence the flow properties.

follow directly from the microscopic pore structure and the
physicochemical properties of the inner surfaces of a porous
network. Besides of SIP and NMR measurements the main
focus is on the development of a unified network model
(Figure 1) for simulating SIP and NMR responses of partially
saturated soils (topic 2, see above) in order to establish parameter relations (topic 3). Numerical simulations of multiphase
flow (Lattice Boltzmann) and NMR responses for isolated and
coupled pore systems were performed using 3D finite element
modeling to quantify these relations.
The simulations are verified by corresponding laboratory
experiments. Based on these investigations we will develop an
interpretation scheme for NMR measurements for assessing
structure, state, and thus flow properties of partially saturated
soils.

These issues addressed in this project consist in (1) performing numerical simulations of multiphase flow and (2) of the
physical responses to the geophysical experiments in order to
(3) establish relations between the structural and state properties of soils on the one hand and the measured physical
parameters on the other hand. (4) The simulated responses
are verified by appropriate laboratory experiments.
SIP and NMR methods are employed since the SIP and NMR
properties as well as the constitutive relations (i. e. the pressure-dependent water saturation and relative permeability)

Principle approach used for deducing hydraulic characteristic
of unsaturated soils.
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Quantifying uncertainties
in geothermal energy exploration
As a methodical supplement to the project “Statistically Significant Rock Properties for Geothermal Use” (see page 116)
this project provides quantitative information on the uncertainties of rock properties using stochastic tools.
An increased use of geothermal energy requires reduction of
cost and uncertainty. Information on rock properties in the
subsurface is essential for planning of projects for geothermal energy use. Based on a stochastic approach, the uncertainties in the rock properties at a given location and for a
target parameter, such as temperature or flow rate, may be
quantified. This approach aims to obtain not only average
values and error estimates of the target parameter, but also
its spatial distribution. Based on this information, the risk
within a geothermal project can be estimated more exactly. As a result, cost may be reduced or estimated with less
uncertainty.
The approach employed is based on the algorithm of “Sequential Gaussian Simulation” (sgsim): First, the geometry of a geothermal reservoir model is discretized on some
grid. Then the algorithm pursues a random path through the
model, and each grid node is assigned certain values of the
rock properties studied. These values take into account (a)
assumed property distributions; (b) primary data, such as
borehole measurements; (c) secondary data, such as seismic data. A first realization is finished when the entire model
is initialized. In order to obtain a distribution for the target
parameter, more realizations need to be created by pursuing other random paths. Each of these realizations is equally

likely to mirror the real situation which is defined by the measured data.
As a demonstration of this method, an exploration scenario
for a projected geothermal district heat use is simulated. Fig.
1 shows one realization of the thermal conductivity distribution within the geothermal reservoir at depth generated
using the sgsim algorithm. Using this stochastic method for
generating 100 realizations and using them as input for mass
and heat flow simulations with the in-house mass and heat
flow simulator shemat_suite, the error with respect to predicted temperature is reduced from about 25 % to 4 %. This
project is funded by the German Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU),
grant FKZ 0327563.

One possible realization for the thermal conductivity  in
the reservoir. The random structures are clearly visible
within the geological layers.
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CO2 Storage Potential of a Geological
Reservoir near Minden
Predictions of fate and evolution of a plume of supercritical
carbon dioxide injected into a geological reservoir are performedbysimulationsusingthenumericalcodeTHOUGHREACT.
This provides insight into flow and transport processes and
helps quantifying the CO2 storage potential of a sample site
in the German federal state of North Rhine Westphalia (NRW)
selected for demonstration purposes.
Geological storage of CO2 has been proposed as a possible
strategy for reducing the CO2 concentration in the atmosphere. This project aims to provide a basic understanding
of safety and efficiency aspects of long-term CO2 sequestration in geologic formations in NRW. In particular, CO2 sequestration is considered for a deep saline Bunter aquifer
near the town of Minden.
Simulations using the numerical code TOUGHREACT are
performed for a Bunter sandstone formation at a depth of
around 3000 m. In particular, we focus on three CO2 storage mechanisms: (1) hydrodynamic trapping, (2) dissolution trapping, and (3) mineral trapping. The reservoir at Minden is selected because of its close vicinity to the nearby
power plant Heyden. Within the numerical experiment, 114
Mt of CO2 (roughly half of the CO2 emitted from the Heyden
power station) are injected into the reservoir during the
Heyden plant’s expected operational life time of 40 years
followed by a simulation of the injected carbon dioxide’s
fate during a period of 10,000 years.
The results indicate that the injected CO2 plume initially
migrates from the low injection point towards the top of
the reservoir due to buoyancy until it reaches the confining layer. Then it spreads laterally and dissolves partially
in the formation water. This dissolution of CO2 results in an
increase of brine density causing the CO2-enriched brine to
migrate downward. After 10,000 years, it finally settles at
the bottom of the reservoir.
In the short-term, hydrodynamic trapping is the dominant
process whereas dissolution of CO2 contributes only small
amounts to the storage capacity. As time increases, dissolution trapping becomes more important than hydrodynamic trapping. With respect to mineral trapping, the results indicate that dissolution of calcite in the host rock
occurs on the short term (40 years). However, the amount
of dissolved calcite is negligible compared to the amount of
mineral precipitation in subsequent reactions. On the long
term (10,000 years), reactions of aluminium silicates dominate the water-rock interactions: considerable amounts of
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secondary carbonates are formed, such as dawsonite, ankerite, and siderite. Calculations indicate that after 10,000
years, about 15 % of the 114 Mt of injected CO2 (~17 Mt)
are trapped hydrodynamically, 4.4 % (~5 Mt) remain dissolved in the formation brine, and nearly 80.6 % (~92 Mt) are
precipitated as minerals. After 10,000 years, hydrodynamic
trapping is irrelevant near the injection point and far away
from the cap rock. Thus, mineral trapping turns out to be
most significant for a safe long-term storage of carbon dioxide in the reservoir near Minden. Storage of CO2 in carbonates reduces the risk of CO2 escape from the reservoir in
case of leaks in the cap rock. The mineral reactions observed in the simulations result in a decrease in porosity and
in turn permeability of the reservoir. The results indicate
that porosity may nearly vanish, associated by a decrease
in permeability down to 9 % of the initial value.
With regard to the integrity of the reservoir cap rock, the
injection pressure build-up is most important for the management and operation of a CO2 storage site. Under the
assumptions made, our simulations indicate for the Minden
location a pressure increase around the injection well by a
factor of 1.1 relative to the initial reservoir pressure. This
appears acceptable within the limits applied in gas storage
operations on a regular basis. Simulations indicate that
the pressure build-up will diffuse after almost 50 years following shut-down of the injection.
The model presented here is based on simplifying assumptions of uniform formation properties, constant injection
rate, and isothermal conditions. In addition, the reservoir
model is discretized with a coarse grid and measures 300
m in z-direction (reservoir thickness). It is to be assumed
that the pressure development in a reservoir of smaller
thickness and finer discretization might reduce the storage
capacity compared to the results obtained within this study. Moreover, due to unavailability of precise data on mineral composition and formation water with regard to the
Bunter sandstone formation at the study area, the geochemical simulations are based on the mineralogical assemblage reported in the literature for other Bunter formations.
This approach was chosen to obtain preliminary estimates
regarding a CO2 flooding of the Minden reservoir until site
specific data become available. The project will be completed by extracting the hydrological, mineralogical, and
chemical data measured on representative core samples.
It is funded by WestLB-Stiftung Zukunft NRW.

Minden site with the lateral extent of the model and the location of Heyden power plant.

A 3D view of the model set up for simulations with the TOUGHREACT code.
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Reducing risk in geothermal
reservoir development
When developing geothermal resources, the risk of failure is
still high compared to hydrocarbon exploration.The MeProRisk project aims to improve current strategies in all phases
of the reservoir life cycle. It is a joint enterprise of five university institutes at RWTH Aachen University, Freie Universität Berlin, and Christian-Albrechts-Universität zu Kiel. Two
partners, namely Geophysica Beratungsgesellschaft mbH
(Aachen) and RWE Dea AG (Hamburg) represent the industrial side. It is funded by the German Federal Ministry of Education and Research (BMBF).
The key idea followed in this project is understanding the
development of a given reservoir as an iterative process.
Starting from geological base data and geophysical exploration, one or more conceptual models will be developed
which will form the base of first numerical models. The use
of inverse techniques in a broad sense will not only yield an
optimal model but also estimates of uncertainty and resolution for this model. This information may be used for designing optimal experiments, such as the choice of locations
for further exploration boreholes. In the later stages of reservoir development, the numerical models will be updated
continuously based on the most recent subsurface models.
Once that production and injection wells have been drilled,
the kind of experiments passes from static methods, such
as surface measurements, to dynamic experiments testing
the reservoir, such as injection and tracer tests and their
monitoring. The use of data from all of these methods by
one simulation tool poses large challenges. Inverse problems require orders of magnitude larger computer resources, and the development of appropriate theoretical and
numerical methods for this application is one of the primary aims of this project. Further, some of the exploration targets, such as fault zones, are associated with less obvious
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signatures than those of the usual hydrocarbon reservoirs.
Therefore new and better methods need to be developed
to identify some of the key geothermal exploration targets.
This helps to improve the experimental data base for setting up and updating subsurface models, for instance by
developing methods for estimating hydraulic and thermal
rock properties from geophysical (e. g. seismic) data for
characterizing natural or engineered fracture zones.
During the first project phase the sub-project at GGE
focused on the computational framework required for
solving effectively the simulation problems described above.
These solutions implement parallel computing environments and the use of corresponding techniques. With respect to algorithms, the stochastic simulation tool described
on page 130 was developed which will be the base for more
advanced techniques. We generalized the inverse simula
tion code for transient problems, such as for the interpretation of tracer experiments or other observations which is
traditionally referred to as history matching. Figure 1 shows
results obtained from applying these techniques on data
from the European Enhanced Geothermal System (EGS)
research project at Soultz-sous-Forêts (France). We used a
set of highly simplified conceptual models, which all explain
the observations reasonably and equally well. However, we
demonstrated that a choice between these contradictory
models cannot be made based on the currently available
data. Further, the parameters describing the model, such
as rock properties and geological structure, are not well
constrained. This emphasizes the need for more and, particularly independent data such as time series of temperature or borehole pressure build-up.

Fit of calculated tracer concentration to tracer concentrations observed in borehole GPK2 during a test running for 140
days. Fluid was injected at a rate of 15 L s-1 in borehole GPK3 for one day, and the water produced in GPK2 was subsequently re-injected in GPK3. The simplified model (left) comprising the main fracture, the stimulation zones, and the host
rock is one of the models which is consistent with the available tracer concentration data.
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Test Facility for Rock Properties under
in situ Temperature and Pressure
A test facility is being set up for estimating physical properties
of rocks under in situ pressure and temperature, such as permeability, ultrasonic p- and s-wave velocities, electrical and
thermal conductivity, and porosity.
Pressure (p) and temperature (T) increase with depth in the
Earth. At 3000 m below surface, temperature has increased
to about 100 °C, the lithostatic overburden pressure (rock
density 2500 kg m-3 to 3000 kg m-3) reaches about 100 MPa
(1 kbar), and pore pressure (water density 1000 kg m-3) 30
MPa or more. Physical properties of porous and fractured
rocks vary strongly with pressure. Porosity and permeability
decrease with pressure while the velocity of shear- and compressional waves (vs and vp) increases.
Due to stress release, a core drilled at depth exhibits many
micro-cracks when raised to surface. The opening of these
cracks with pressure release affects most physical properties. Therefore rock samples from deep boreholes are not in
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the same condition in the laboratory as under in situ conditions. By restoring in situ p/T-conditions in the lab the in situ
rock properties can be measured.
Information on the in situ properties is essential for interpretation of seismic or borehole logging data. These rock properties
are also crucial input parameter for simulations of geothermal
and hydrocarbon reservoirs as well as for modelling the flooding of geological reservoirs with CO2. In this test facility, we will
measure rock properties and their variation with temperature
and pressure for ongoing and future projects.
The petrophysical test facility (Fig. 1) is currently being designed in collaboration with Dr. Georg Nover who has 30 years
of experience in high pressure petrophysics and is based on
the design of Dr. Nover’s test equipment at the Steinmann
Institute (University of Bonn). The project started in October
2008 and is funded by a research grant from the E.ON ERC.

Setup for measuring rock properties – (1) seismic vp and vs velocities at ultrasonic frequencies from sample length and run
time; (2) permeability from decrease of pressure along the sample, flow volume, fluid properties, and sample geometry.
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Petrophysical measurements
on tight reservoir rocks
This project, funded byWintershall Holding, will provide information which helps to improve the prediction of tight gas reservoir properties (such as permeability) by NMR and seismic
measurements. To this end, we will perform both laboratory
measurements (NMR and sonic wave properties) on rock samples and numerical simulations of multi-phase flow and NMR
properties at the pore-scale.
With declining production and increasing energy demand,
economical production of natural gas from unconventional
sources, such as tight gas, coal bed methane, shale gas, and
gas hydrates, is becoming increasingly important. Tight gas
reservoirs are low permeability natural gas reserves. In these
reservoirs, permeability is the crucial parameter for an economical production. As of today, the majority of the remaining gas resources are tight.
The petrophysical properties of low-permeability reservoirs
are sometimes very different compared to conventional hydrocarbon reservoirs. Novel laboratory and borehole techniques, such as NMR (Nuclear Magnetic Resonance), are
required for characterizing tight reservoir properties. Advanced seismic data acquisition and interpretation techniques,
based on e. g. the interpretation of shear wave splitting and
the anisotropy of compressional and shear wave velocities,
allow to determine the preferred orientation of the local
stress field and of natural fractures. This provides crucial
information for the layout and implementation of reservoir
stimulation by hydraulic fracturing. In order to predict seismic attributes, GGE will perform laboratory measurements
of sonic wave properties on tight rock samples.

Absolute and relative permeability (i. e. the permeability
of a fluid phase at partial saturation), and degree of saturation are affected by the micro-structural rock properties.
The NMR signal samples these micro-structural properties
and can thus be used to determine relative gas permeabilities for rocks containing water and natural gas. This will be
addressed in numerical simulations of multi-phase flow and
of NMR relaxation on the pore scale. Thus, the results of this
project contribute to improving techniques for the prediction
of critical reservoir properties such as permeability from
geophysical measurements.

Halbach Magnet for Measuring NMR Properties on Rock
Samples.
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Dipl.-Phys. Annick Fehr

Dr. Norbert Klitzsch

T +49 (0)241 80 94876
F +49 (0)241 80 94825
afehr@eonerc.rwth-aachen.de

T +49 (0)241 8096773
F +49 (0)241 80 94825
nklitzsch@eonerc.rwth-aachen.de

Integrated Ocean Drilling Program, IODP
As part of the European Petrophysical Consortium (EPC), GGE
contributes to the international Integrated Ocean DrillingProgram (IODP) by providing personnel for marine expeditions
and performing petrophysical lab analysis of rock samples
drilled during IODP expeditions.

focused on paleoclimatic research. This training will provide
offshore experience by working side-by-side with a senior
petrophysicist and logging staff scientist. The trained scientists will be part of the available pool of research scientists
sailing on future IODP expeditions.

IODP is an international marine research drilling program
dedicated to explore on a global scale the Earth’s geological history and structure of the crust by monitoring and
sampling sub-seafloor environments. The EPC comprises
the Department of Geology at University of Leicester (UK)
(coordinator), the Department of Geoscience at University
of Montpellier (F) and the GGE at RWTH Aachen University
(D). EPC carries out all geophysical logging and petrophysical
activities for the European Science Operator (ESO). For the
worldwide offshore drilling activities of IODP, three drilling
systems are operated, two research vessels (drilling vessels
CHIKYU and JOIDES Resolution) and mission-specific platforms (MSP).
After one year of stagnation in the IODP programme due to
maintenance of the drilling platforms, EPC started planning
of future expeditions and GGE the re-staffing of its geophysical logging group in 2007. GGE staff has to be trained
for participation in future expeditions. In preparation of an
available trainee slot on an IODP expedition, GGE staff started to attend the monthly video-conferences organized by
the Expedition Project Management in spring 2008. In May
2008, the logging team of GGE organised a project meeting
for EPC members at Aachen to evaluate the participation
of EPC in the upcoming expeditions and to subdivide work
within EPC.
In 2009, two scientists from GGE will participate in shipboard
IODP training by taking part in three marine expedition legs

Contact

The Joides Resolution in Singapore being refurbished and
upgraded for future expeditions.

Dr. Frank Bosch
T +49 (0)241 80 94832
F +49 (0)241 80 94825
fbosch@eonerc.rwth-aachen.de

Dipl.-Phys. Annick Fehr
T +49 (0)241 80 94876
F +49 (0)241 80 94825
afehr@eonerc.rwth-aachen.de

Dr. Renate Pechnig
T +49 (0)241 89 92916
F +49 (0)241 80 94825
rpechnig@eonerc.rwth-aachen.de
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Modelling Stochastic Permeability
with a Multidimensional Markov Chain
This work addresses the estimation of a stochastic permeability distribution by considering steady-state flow over a
two-dimensionaldomain.Thepermeabilityisdiscretizedover
a regular rectangular grid and considered to be constant by
cell and can take a finite number of values. Such a permeabilitydistributionisgeneratedusingamultidimensionalMarkov
chain. It is also constrained by permeability and pressure data
at some points of the domain. The difficulty of this inverse
problem lies the non-uniqueness of the solution in the classical least-squares sense. A solution for this inverse problem,
in a probabilistic sense, is proposed by coupling the Markov
chain Monte Carlo (MCMC) sampling technique with the multidimensional Markov chain model.
Reservoir characterisation is aimed at modeling the heterogeneous distribution of a reservoir’s properties by using
subsurface and outcrop data. In the recent years, many
techniques have been developed to describe and quantify
the heterogeneity in a reservoir with great precision. These
methods fall into two categories: Kriging-based methods and
Markov chain based methods. Both of these two categories
are interpolation methods that seek to estimate the values
of a stochastic permeability field over the reservoir domain
by interpolating permeability data given at some points of
the domain.
Kriging methods suffer from the drawback that a linear system needs to be solved at each point of the domain. In contrast to Kriging methods, Markov chain interpolation methods
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require less computation because permeability is simulated
directly from the transition probabilities. Further advantages
are that transition probabilities are easier to interpret than
the variograms used in Kriging and that Markov chain interpolation methods provide more flexibility when extended to
more general interpolation problems.
This study explores an extension of the Markov chain interpolation method by considering permeability to be constrained not only by hard but also by soft data, i. e. measured
permeability and pressure, respectively. This is thought to
provide more reliable permeability estimates for reservoir
modelling with respect to CO2 flooding and geothermal heat
production. For this purpose, permeability is considered a
stochastic variable which may take a finite number of values.
In order to deal with the fact that this inverse problem is
ill posed a solution is proposed in a probabilistic sense by
computing the probability of a certain permeability values
at each image pixel. This computation is based on a Markov chain Monte Carlo (MCMC) sampling technique and a
multi-dimensional Markov chain model.The efficiency of this
strategy was studied in a number of numerical experiments
in which permeability may take two random values. The new
sampling technique yielded permeability fields which agreed
well with the given fields both for a high and a low spatial
variability of permeability.
This work is funded by the German federal ministry of education and research (contract number 03SF0326A).

Sequence of realisations of the MCMC algorithm.

Binary permeability image to be estimated.

Contact
Dr. Samih Zein
T +49 (0)241 80 99384
F +49 (0)241 80 94825
szein@eonerc.rwth-aachen.de
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Chronicle
December 2008

June 2008

15.-19.12.2008 – Fehr (poster), Rath (1 contrib.), AGU Fall Meeting

5.6. – European Petrophysics Consortium (EPC) Meeting, Aachen

November 2008

May 2008

19.11.2008 – Clauser, Vortrag, Ringvorlesung „Faszination
Technik“, RWTH Aachen

23.5.2008 – Blaschek Geotechnologien, Stuttgart

11.-13.11.2008 – Koch, Der Geothermiekongress, Karlsruhe

21.5.2008 – Clauser, Vortrag, Mittwochsseminar des Seniorenstudiums, RWTH Aachen

10.11.2008 – Clauser, Vortrag, DAP Geothermie Symposium
“Genieten van Geothermie”, TU Delft (NL)

8.-9.5.2008 – Dietrich (Vortrag), Fehr (Vortrag) , Forschungskollegium Physik des Erdkörpers (FKPE) 9. Workshop, Hannover

October 2008

8.5.2008 – Clauser, Vortrag, Kolloquium „Frontiers in Earth
Sciences“, LMU und TU München

27.10.2008 – Clauser, Vortrag, Statuskolloquium des BMBFProgramms „Netzwerke Grundlagenforschung erneuerbare
Energien und rationelle Energieanwendung“, Duisburg

April 2008
24.4.2008 – Koch, 4. Int. Geothermiekonferenz, Freiburg

20.10.-21.10.2008 – Draeger, Geotechnologien Statusseminar/
Kick-Off Meeting “Geologische Speicherung von CO2”, Stuttgart
5.10.2008 – ICDP Scientific Drilling Training Course,
Windischeschenbach

14.-20.4.2008 – Rath (Convenor/chair of session, 5 contributions),
EGU General Assembly 2008, Vienna
13.-18.4.2008 – Clauser (invited talk, poster), Fehr (poster), Koch
(poster), EGU General Assembly 2008, Wien

September 2008
10.-11.4.2008 – Dietrich, DGMK, Celle
29.9.-1.10.2008 – Draeger, Koch(Vortrag), Rath (contribution)
GEO2008 „Resources and Risks in Earth System“, International
Conference and 106th annual meeting of the Deutsche Gesellschaft für Geowissenschaften (DGG) and 98th annual meeting
of the Geologische Vereinigung e.V. (GV), Aachen

31.3.-3.4.2008 – Fehr, SPE/EAGE Joint Workshop – Tight Gas,
Scheveningen (NL)

24.9.-25.9.2008 – Rath(1 contribution), EHDRA Scietific Conference, Soultz-sous-Forêts

12.-14.3.2008 – Fehr, Gemeinsames IODP/ICDP Kolloquium,
Hannover

8.9.2008 – Draeger, Internationaler Vattenfall Kongress „CCS:
Vom Labor in die Praxis“, Berlin
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5.9.2008 – Blaschek, Clauser, EGEC, Brüssel
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138

Chronicle

March 2008

Team

From left to right: Lothar Ahrensmeier, Ute Kreutz, Ali Naderi Beni, Rainer Schütt, Dirk Breuer, Sandra Krause, Andreas
Koch, Mathieu McPhie, Jan Volkmann, Natalia Günther, Roland Blaschek, Rachel Jorand, Christian Kosack, Achim Mester,
Jasmin Blomeyer, Christian Vogt, Christoph Grützner, Professor Christoph Clauser, Andreas Rudersdorf, Frank Bosch, Maik
Neukirch, Andreas Wolf, Norbert Klitzsch
Not pictured: Birgit Alewelt, Jörg Dietrich, Ines Draeger, Annick Fehr, Oliver Mohnke, Renate Pechnig, Volker Rath, Sarah
Scholz, Heinz Triebe, Eugen Wiens

Team

139

Institute for
Power generation
and Storage systems

Univ.-Prof. Dr. ir. Rik W. De Doncker

Preface
Dear friends,
in this first annual report of E.ON Energy Research Center
(E.ON ERC), it is my pleasure to inform you about my chair
within E.ON ERC, i.e. Power Generation and Storage Systems
(PGS). Below you will learn about the history, growth and status of PGS. On the following pages our technical activities
are presented in more detail.
PGS was founded as part of E.ON ERC in 2006. According to
the public-private partnership agreement between E.ON AG
and RWTH Aachen University, two out of the five institutes
with five professorships within E.ON ERC are sponsored by
RWTH, whereby PGS is one of these two. With regard to the
founding of PGS and our center, I would first like to point
out the key role and the valuable support of the Institute for
Power Electronics and Electrical Drives (ISEA) of RWTH
Aachen University. Basically, ISEA has given birth to PGS,
since it comprises two former research areas that have been
well established at ISEA for over 40 years, i.e. the mediumvoltage high-power converter group and the high-voltage
electrochemical storage systems group, the latter directed
by Prof. Dirk-Uwe Sauer. ISEA continues to research (lowvoltage) power electronic energy conversion and storage
systems, under the guidance of Prof. Sauer and myself.
Applications such as electric vehicles, household appliances,
portable power tools, low-voltage servo drives, and traction
drives are being supported by ISEA.

As yet, the following scientists have been part of PGS: Christoph Meyer, Florian Mura, Robert Lenke, Benedikt Lunz,
Christian Dick, Stefan Engel, Gontran Paques, Stephan Thomas, Thomas Butschen, Tobias Blank and Mrs. Ghada Merei.
All these scientists lead project teams consisting of student
co-workers and/or graduate students working on their final
theses. Currently, ten students are participating in research
and development projects at PGS.
Research at PGS focuses on decentralized power generation via renewable energy sources. In particular, electricity
generation systems are being investigated for biogas-driven
turbines and wind power in the both ecologically and economically interesting power ratings of 1 to 10 MW.
Currently, several PGS scientists work on a 5 MW test bench
for high-speed electrical machines and converters, including DC - DC converters. The picture shows the foundation
of the machine bed, presently under construction. Besides
the technology, one of the on-going projects also addresses
safety and protection issues of such a test bench. In another
project, a 5 MW DC - DC converter is being developed and is
to be tested soon.

During the first two and a half years, PGS has continuously
grown, reaching a respectable number of scientists, i. e. two
professors and nine research assistants by the end of 2008.
I hereby would like to commend Dr.- Ing. Dipl.- Kfm. Christoph Meyer who, as Chief Engineer at ISEA, greatly assisted
in managing PGS. Furthermore, I also would like to thank
the entire ISEA’s workshop and IT team that has provided
many small helpful tools including a database for planning
holidays.
Foundation of 5 MW Machine Bed
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Already today, PGS is cooperating with other E.ON ERC
institutes. The scientists of the five chairs and the four
faculties already work together and help each other to tackle
new challenges. Even though the institutes are still located
in different buildings spread around the city of Aachen, exchange is taking place not only on the scientific level but also
on the social level. For example, a joint EBC-PGS-ISEA football team “Jaegerstraßen-Allianz” with the Institute “Energy
Efficient Buildings and Indoor Climate” of Prof. Dirk Müller
has been created!
As mentioned above, during the formation time of PGS (and
E.ON ERC), considerable administrative work was carried out
by Dr.-Ing. Dipl.-Kfm. Christoph Meyer who left ISEA and PGS
in late 2008 to continue his career in industry. On behalf of
PGS and E.ON ERC, I would again like to take this opportunity
to thank him for his valuable support and also to welcome

Dipl.-Ing. Christian Dick as his successor for the position of
chief engineer at PGS. As in the case with all RWTH Aachen
University institutes, PGS will perform research with different
governmental and industry partners in a professional and trustworthy manner. I like to thank our industry partners for their
continued support, in particular the E.ON ERC Foundation.
For 2009, I would like to wish everybody working at PGS,
all of our friends and our business partners all the best in
their scientific work and business cooperations. May 2009
bring us many new ideas and, above all, happiness and good
health!
Aachen, March 2009
Rik W. De Doncker

CONTACT
Univ.-Prof. Dr. ir. Rik W. De Doncker
Director PGS
Jägerstraße 17/19
52066 Aachen
Germany

T +49 (0)241 80 96920
F +49 (0)241 80 92203
post_pgs@eonerc.rwth-aachen.de
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Technical Equipment
PGS offers a large variety of technical equipment used for
various projects that are either publicly funded or carried out
in cooperation with industrial partners. For these projects,
powerful computers equipped with software for simulation purposes and for the design of electrical machines and
semiconductor devices are employed. Additionally, in the
case of very complex and computation-intensive applications, the high-performance computer cluster of RWTH
Aachen University is used to reduce simulation time.
To realize practical work at PGS, various kinds of technical
laboratory equipment are available such as analog and digital oscilloscopes, differential amplifiers, current probes of
up to 2000 A, signal and calibration sources, logic analyzers,
a high-resolution thermal camera, optical transmission data
systems and power measuring devices. Automated charging
and discharging test benches are used for comprehensively
analyzing batteries. Furthermore, the institute owns a special
measuring station for analyzing fuel cells. The possibility to
characterize drives in different power classes (up to 160 kW)
is given by user-specific equipment, and a fully equipped
EMC test laboratory is also available. With voltages of up to
12 kV and currents of up to 5 kA, different high-power semiconductor devices can be fully characterized. There is also
a test bench for the measurement of central PV inverters of
up to 100 kW power available, for example, to measure the
European efficiency of these converters. A detailed article
about the high-power test bench and this PV test field can
also be found in this annual report on the following page.
Since the demands on the technical equipment are subject
to frequent changes, it is necessary to inspect and modernize the test benches regularly.

Cleanroom Center
Together with two other institutes, PGS has operated a new
cleanroom with a total area of 750 m2 since the end of 2003.
In cooperation with the Institute of Materials in Electrical Engineering I (IWE I), PGS can perform all processes which are
necessary to build power semiconductor devices.
A wet chemical wafer-cleaning laboratory, funded by the state
of North Rhine-Westphalia, allows the cleaning of semiconductor wafers in megasonic baths. Moreover, wet chemical
etching processes can be performed with this equipment.
The lithography laboratory is used to realize microscopic
structures. In addition, a new diffusion furnace in PGS from
the company Centrotherm enables the performance of deep
diffusions that are typical for power semiconductor devices.
Two sputter machines and a vapor deposition system can be
used for metallization.
Moreover, the packaging laboratory of IWE I offers the equipment for housing and contacting of semiconductor devices.
The laboratory is equipped with furnaces for reflow soldering, wire bonders, and units for producing flip-chip
bonded devices.
With this equipment, PGS can build new power semiconductor devices and innovative packaging technologies. For
example, within the scope of one research project, a new
Silicon-Silicon direct bonding technology for Chip-on-Wafer
Bonding has been developed which allows the production of
innovative high-power semiconductor devices.

Diffusion Oven and Flow Box
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High-Power Test Bench

Photovoltaic Test Bench

The test bench of the institute for characterizing high-power
semiconductorspermitsthemeasurementofallpowerswitches
and diodes that are commercially available. During the previous years, the test bench has been continuously improved
thereby allowing the characterization of turn-on and turn-off
behavior as well as of conducting and blocking state of single
or series-connected high power devices. This year, as part
of a diploma thesis, the test bench control has been completely renewed. The test bench is operated via a user interface under Labview and can be quickly adapted to different
devices and environments. Furthermore, a fully automized
device characterization is possible. The test bench operates
with currents of up to 5 kA and at voltages of up to 12 kV.
Moreover, all experiments can be carried out at temperatures ranging from -10 °C to +150 °C.

The demand for highly efficient central PV inverters has
risen with the increase in installed large-scale solar plants,
especially in Southern Europe. On the one hand, the inverter
has to feed the power which is generated by the solar plant
into the mains. On the other hand, a maximum power point
tracker (MPPT) always controls the output voltages and currents of the solar plant to obtain the maximum power output.
For photovoltaic inverters, a very important optimization criterion is the efficiency, especially under partial load conditions (European efficiency). In many measuring projects, the
100 kW PV simulator developed at PGS has proven its worth.
It provides the input power for the measured central inverter and thus emulates a solar cell field. It is possible to run
measurements lasting several hours at variable input power
which enables an analysis of the temperature-dependent efficiency of the inverter. Due to the success of this test bench,
it will be extended this year. Modifications include the augmentation of output power to several 100 kW as well as the
installation in a professional cubicle.

High-power semiconductor test bench

CONTACT
Dipl.-Ing. Thomas Butschen
T +49 (0)241 80 90100
F +49 (0)241 80 92203
tbutschen@eonerc.rwth-aachen.de
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Lecturer

Grundgebiete der Elektrotechnik II

Univ.-Prof. Dr. ir. Rik W. De Doncker

+

+

V4, Ü2

Elektronische Bauelemente II
Elektrotechnik und Elektronik (EE)

Univ.-Prof. Dr. ir. Rik W. De Doncker

+

+

V2, Ü1

Power Electronics

Univ.-Prof. Dr. ir. Rik W. De Doncker

+

+

V2, Ü1

Electrical Drives

Univ.-Prof. Dr. ir. Rik W. De Doncker

+

+

V2, Ü1

Battery Storage Systems

Prof. Dr. rer. nat. Dirk Uwe Sauer

+

+

+

+

V2, Ü1

Batteries, Storage Systems,
Fuel Cells and Power Generators

Prof. Dr. rer. nat. Dirk Uwe Sauer

+

+

+

+

ST3/4

Ringvorlesung: Elektrische Energie
aus regenerativen Quellen
(for listeners of all faculties)

Univ.-Prof. Dr. ir. Rik W. De Doncker
Univ.-Prof. Dr.-Ing. habil. Dr. h.c. Kay Hameyer
Univ.-Prof. Dr.-Ing. Hans-Jürgen Haubrich
Prof. Dr.-Ing. Adolf Müller-Hellmann
Prof. Dr. rer. nat. Dirk Uwe Sauer
Univ.-Prof. Dr.-Ing. Armin Schnettler

+

+

V2, Ü1

Praktikum Photovoltaik

Univ.-Prof. Dr. ir. Rik W. De Doncker
Prof. Dr. rer. nat. Dirk Uwe Sauer
Prof. Dr. Rau

+

Energietechnisches Praktikum I/II

Univ.-Prof. Dr. ir. Rik W. De Doncker
Univ.-Prof. Dr.-Ing. habil. Dr. h.c. Kay Hameyer
Univ.-Prof. Dr.-Ing. Hans-Jürgen Haubrich
Univ.-Prof. Dr.-Ing. Armin Schnettler
Research Associates

+

Revision Course
Power Electronics and Electrical Drives

Research Associates

+

PT4

+

+

+

PT4

+

+

+

Ü1

DIPLOMA Theses

Dissertation

Julia Drillkens
Redox Flow Cell for Storage of Renewable Energy Systems

Christoph Meyer
Key Components for Future Offshore DC Grids, Aachen 2007

Andrin Petersen
Development of a Redox-Flow Battery for Energy Storage
Hauke van Hoek
Investigation on Power Electronic Systems for High Power
DC/DC Converters
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DC/DC Converters for Utility Applications
Medium-voltage DC/DC converters could serve as key components of a future flexible utility infrastructure. A research
project carried out at the E.ON Energy Research Center (E.ON
ERC) aims at developing converter concepts for the megawatt
range,usingmedium-frequencytransformerswithamorphous
core materials as one core component.
High-power DC/DC converters are likely to play an important role for the integration of generation systems, storage
facilities and load centers into the electrical power grids. At
the Institute for Power Generation and Storage Systems of
the E.ON ERC, concepts for the realization of these systems
are investigated, based on previous research at ISEA. A focus
is the evaluation of options for the constructive integration
and cooling of magnet cores in the AC-link of the galvanic
isolated converters (see Figure).

simulation and experiments, since higher frequencies
allow significantly more compact designs compared to lowfrequency equipment. Furthermore, the study covers the
selection of topologies that minimize operating losses. An
important objective is the soft-switching operation of the
power electronics stages. Reference systems are dimensio
ned based on the characteristics of commercially available
power semiconductors. Therefore, switching loss data of
typical components have been integrated into a simulation
model used for system layout. Complementary ongoing research activities involve the evaluation of suitable insulation
and cooling materials and the realization of high-frequency
winding models for the transformers. The final aim of the
project is the realization of a converter demonstrator with a
power rating in the megawatt range.

For this purpose, the suitability of iron-amorphous cores
that are nowadays commercially used in 60 Hz transformers
for operating frequencies in the kHz range are examined via

Candidate Topology for a Megawatt-scale DC/DC Converter

CONTACT
Dipl.-Ing. Robert Lenke
T +49 (0)241 80 96978
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Optimized System Efficiency of the Photovoltaic
System of the E.ON Energy Research Center
Photovoltaic (PV) systems, showing large potential among
renewable energy sources, play a major role in a sustainable
energy supply. In light of current climate change, this tremendous potential must be tapped. In this project, shadowtolerant systems as well as classical PV systems are analyzed
to increase the potential of suitable and sealed photovoltaic
surfaces.
In this project, a photovoltaic system is optimized for the
E.ON Energy Research Center (E.ON ERC) department building.This optimization ought to maximize the energy output
at the grid terminals.
Today, PV systems are mainly sold as a string or central system. For example, a series connection of PV-panels forms
a string, feeding its energy via a string converter into the
mains. With the planned 2000 m2 (approx. 200 kWpeak) resulting in more than 1000 panels of PV on the roofs and
facades of the building, one central converter could feed the
power into the grid. However, there are other interconnection
possibilities that might show a higher overall energy output. For example, module-integrated converter systems are
superior to string or central systems when the PV-panels have
a different orientation to the sky or when a certain degree of
partial shading is exceeded. With the special architecture of
the building, these effects might occur. A model for quantifying these effects and for optimizing the energy output is proposed. The major input data are the building geometries and
the hourly mapped radiation data. This project is meant to
quantify the overall energy output of the different electrical
interconnection possibilities. Combinations or interconnections with DC distribution are regarded as well. All configurations are compared based on the overall energy output.

Representation of 2 dimensional matrix of the E.ON ERC
main building in Matlab

Evaluation of the efficiency of a PV-System

CONTACt
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Advanced Vanadium Redox-Flow Battery
This research project carried out at E.ON Energy Research
Center aims at improving the Vanadium Redox-Flow Battery.
Improving membrane behavior is in the focus of this work.
Furthermore, studies for optimizing the whole system will be
conducted.
Redox-flow batteries are an option for large-scale electrical
energy storage for peak shaving and load leveling ranging
from a few kWh to hundreds of MWh. One of the most important features of these batteries is that the energy and power
capacity of the system can be separated. Thus, the power of
the system is determined by the number of cells in the stack
and the size of the electrodes, whereas the energy storage
capacity is determined by the concentration and volume of
the redox-fluid.

Further work in this project will concentrate on the preparation of the redox-fluid by including new methods for highly
concentrated vanadium redox-fluids. Besides gaining better
efficiency, the costs can be reduced for preparation of the
redox-fluid. Also the temperature dependency of the system
and especially of the vanadium solubility in sulfuric acid will
be investigated.
Based on this research, a full battery stack will be prepared.
A two- and a four-tank design will be analyzed with respect
to the efficiency and performance of the cell.
This project is financed by the E.ON Energy Research
Initiative within the scope of the project AdvancedVanadium
Redox-Flow Battery.

Even though there are many different possible redox couples,
the vanadium redox battery is the most promising technology up to date. The aim of this project is to improve existing
technology.
One focal point of our research is to improve membrane
properties. A reduction of the cross-contamination through
the membrane increases the efficiency of the whole system.
Here, we focus on preparing membranes with silicon nano
particles; first results can be seen in the figure. A comparison of the cross contamination of an industrial Nafion membrane and one modified with silicon nano particles membrane is shown.

Cross-contamination through a modified and an unmodified
Nafion membrane
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Variable-Speed Mini-Turbine System
A preliminary design study of a variable-speed gas turbine
system has been carried out at the E.ON Energy Research
Center (E.ON ERC).
With regard to the continuously increasing share of decentralized power generators in electric grids, ensuring a reliable electricity supply is of utmost importance. A method to
compensate the fluctuating electricity production of volatile
energy sources such as wind power and photovoltaic is to
provide power-on-demand by means of fast-reacting gasfired power systems. In cooperation with two other institutes
of RWTH Aachen University, a variable-speed mini-turbine
system with a rated output power in the lower megawatt
range (1-5 MW) has been investigated at the Institute for Power
Generation and Storage Systems (PGS) of the E.ON ERC.
Within the scope of this project, a preliminary design study
of the novel variable-speed turbine system featuring a lowcost single-shaft gas turbine, a directly driven high-speed
generator and a power electronic converter has been conducted. Compared to a conventional gas turbine system, the
analyzed topology is characterized by the absence of both
gearbox and transformer, leading to a more compact design
and improved reliability. Prior assumptions of increased efficiency under partial load conditions were confirmed by the
results obtained during the project. In particular, the thermal
efficiency of the gas turbine at partial load can be significantly improved by operation at variable speed. Moreover,
calculations confirm that high efficiencies of both generator
and power electronic converter are achievable, even though
the high generator speed (typically 15,000 min -1 and higher)
represents a technical challenge for the electrical components of the system.

Topology of the conversion unit

Comparison of system efficiency for fixed-speed and
variable-speed operation

CONTACT
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HERMES – Highly Efficient and Reliable Modular
Battery Energy Storage System
Continuously growing electricity production from wind and
solar energy sources is leading to a noticeably rising demand
of regulated reserve power. HERMES offers long-term power
combined with the ability to improve the power quality which
yields higher stability and reliability of the grid. The power
electronic focus is on a medium-voltage high-power DC/DC
converter besides the development of power electronic components for a downsized HERMES test bench.
Significantly increasing power generation based on volatile
energy sources such as wind and solar energy sets new
requirements on design, planning and operation of power
systems. In addition, the demand for regulating reserve power
and ancillary services is drastically increasing, thus forcing
power system operators to intensify the use of system flexibility measures and non-conventional operating concepts.
The aim of HERMES is to directly connect modular battery
storage systems to the medium-voltage grid to offer a scalable
solution for high power and long-term energy demands in
the multi-MW range (up to 100 MW). Moreover, with regard
to power quality and a reduction of overall system losses and
control complexity, grid stabilization has to be supported. As
a power electronic challenge, a medium-voltage high-power
DC/DC converter will be developed that offers a variable
transformation ratio to compensate for the varying battery

voltage. To optimize size and ratings of the storage system,
batteries and power electronic blocks for the grid interface
are highly modular and scalable to build large-scale energy
storage systems. In addition, HERMES will offer valuable services for the stability and reliability of future power systems
that may intensively use direct current (DC) as an alternative
to alternating current (AC) systems.
Besides theoretical investigations a downsized hardware
implementation of HERMES as a high-voltage battery test
bench (6 kV, 100 kVA) will be built.
The HERMES research project is performed in collaboration
with the Institute for High Voltage Technology of RWTH
Aachen University and the Institute of Energy Technology of
Aalborg University (Denmark).
This research is funded by the E.ON Energy Research Initiative
within the framework of the HERMES project.

Block Diagram of the HERMES System
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Plug-In Hybrid Electric Vehicles
Plug-in hybrid electric vehicles may become widely available
in the near future. The storage system of these hybrid vehicles
can be charged from the grid to drive longer distances solely
electrically. With suitable power electronic chargers, the
batteries can also work as a source or a load to stabilize the
power grid.
As CO2 reduction is a key challenge in the coming decades,
new technologies for mobility, such as the so-called Plug-in
Hybrid Electric Vehicle (PHEV) technology, are arising. PHEVs
can drive significant distances with electrical energy. The internal combustion engine of such vehicles serves mainly as
the range extender so that the customer can also drive long
distances without recharging. Electrical driving reduces the
CO2 emissions of the transportation sector especially if the
energy is generated by clean sources. But also with electricity
generated by conventional power plants the emissions are
reduced due to a remarkably higher efficiency of an electric
power train.
The technology of PHEVs is also interesting from the grid
operator’s point-of-view. Assuming an increasing electricity
production from fluctuating sources as wind and solar energy, it is clear that additional storage systems are needed.
Four million PHEVs in Germany (less than 10 % of the fleet)
with a storage capacity of 10 kWh can deliver 5 GW of electric power for 8 hours. This is approximately five times the
power and energy that the largest German pump storage
hydroelectric power plant Goldisthal can offer to the grid.
Furthermore, the storage systems can be used to stabilize
the voltage and the frequency in the low voltage grid.

German driving behavior (data source: BMVBS)

Current research work is focussed on the dimensioning of
the battery storage system. The goal is to find the most
economical battery size for different user classes. The
figure shows that the average German user can drive more
than 65 % of the total annual mileage solely electrically with
a battery that allows for a 50-km electric driving range. In
addition, investigations about insulation and safety issues
are currently being conducted. Future research is planned in
the field of different charger topologies, investigation of batteries
and the integration of PHEVs into low-voltage grids.
This research project is carried out in cooperation with FCN.
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Design of a Thyristor-based High Power
Semiconductor
For designing a student laboratory, a thyristor -based componentis being developed at the clean room of PGS.The students
ought to hereby gain experience in the different technological
fieldswithrespecttosimulation,technologicalworkandpackaging of integrated circuits. Furthermore, the development
of this practicum helps PGS to collect experience about the
design of thyristor-based components.
During the design phase, the students should simulate the
switching behavior of a thyristor. Based on these results, the
students should then simulate the suited geometry parameters such as the bulk width, the doping concentration and
an emitter design for the respective diffusion processes. The
aim of the design process is to produce a device that can be
copied for a defined application.

VI - Curve of a self-engineered thyristor

In the practical phase, the students have to implement the
results of the simulated diffusions processes. For this, PGS
is equipped with a boron- and a phosphorus diffusion furnace. The students also will learn about cleaning (RCA I and
RCA II) and measuring processes (four point measuring). The
gate contact of the thyristor is realized by reactive ion etching (RIE). Afterwards, the contact metallization is applied via
aluminum evaporation.
The characterization of this self-engineered device will be
tested in an PGS test bench. The results of these will be compared with the simulated results.

Thyristor Characterization Using a Prober
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DC Grids for Offshore Wind Farms
Offshore wind farms are currently seen as a promising solution
to satisfy the growing demand for renewable energy sources.
DC grids based on multi-terminal voltage source converter
technology might represent an energy efficient alternative to
conventional three-phase AC grids within large offshore wind
farms.

only the transmission system to the shore but also the entire
collector grid between the wind turbines could be realized as
a voltage source converter (VSC) based DC grid.

In Germany, the United Kingdom and other countries of the
European Union, offshore wind power is predicted to gain
increasing importance during the next years. Driving factors
behind this development towards sea-based electricity production are higher and more constant wind speeds as well
as sufficient space for large-scale wind farms at sea. With
increasing distances to shore, high-voltage direct current
(HVDC) transmission from the offshore wind farm to the grid
on the mainland is becoming more and more attractive compared to conventional three-phase AC links. Consequently,
one of the first German offshore wind farms will be connected to the grid via HVDC. For future offshore wind farms, not

Within the scope of an industry-funded research project
at the Institute for Power Generation and Storage Systems
(PGS) of the E.ON Energy Research Center (ERC), DC grids
for offshore wind farms based on multi-terminal VSC technology were analyzed. Apart from DC configurations, also
conventional AC grid solutions were investigated to enable a
comprehensive comparison of both technologies. The main
focus of the study was laid on the comparison of power losses and life cycle cost (LCC) of the considered grid topologies. Therefore, detailed loss models of all power conversion
components within a wind farm such as power electronic
converters, transformers and submarine cables were set up.
Based on these models, the efficiencies of different grid configurations were calculated and compared to each other for
a specific load cycle.

Example of a DC grid topology

Typical output characteristic of a megawatt wind turbine
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Medium-Voltage Test Bench for
High-Power Drives
The objective of this project funded by E.ON ERC GmbH is the
construction of a test bench for medium-voltage high-speed
drives and generators in the power range of up to 5 MW.

testing future variable-speed high-power machines such as
generators of mini-power stations, as well as high-speed
motors in compressor units.

The testing of converter-driven high-speed machines has
always been a challenge, because these machines can be
operated with a dynamic over a wide speed range in generator
and motor mode.
During the past few years, ISEA has developed high-speed
testing equipment to test and characterize propulsion
systems for hybrid and electric vehicles. In motor mode, the
device under test (DUT) generates mechanical energy that is
converted to electrical energy by a load machine. The energy
can be fed back to the DC link of the DUT using a DC/DC
converter that decouples the DC links of the DUT and of
the load machine. Consequently, the electrical power grid
only has to supply the losses of the entire test setup and the
acceleration energy. Upon testing generators, the energy
flow is inverted respectively.
The concept of this efficient and dynamic test bench has
been copied by several propulsion drive manufacturers and
automotive companies. The test setup to be developed in
this project will be a higher power version of the ISEA test
bench and will be able to test drives and converters in the
range of 1 to 5 MW.
Although converters in this power range are commercially
available, several sub-systems of the test bench are not standard
and need to be developed. For example the 5 MW DC/DC
converter for offshore wind farms currently being developed
at PGS will become part of the high-speed test rig.
The final test facility will be used for R&D on new drives
(machines and converters), for research, teaching and for

Schematic of the 5 MW test facility

CONTACT
Dipl.-Ing. Stefan Engel
T +49 (0)241 80 99559
F +49 (0)241 80 92203
sengel@eonerc.rwth-aachen.de

Research: Project Descriptions

157

Selected Publications
.
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Chronicle
2008
November 28th
Prof. Sauer arranges the “Tag der Elektrotechnik” and gives
his inaugural lecture
November 1st
First day of Christian Dick as chief engineer at PGS
October 31th
Last day of Christoph Meyer as chief engineer at PGS
October 6th
Stefan Thomas and Christian Dick give presentations at the
43rd IEEE Industry Applications Society Annual Meeting
(IAS 08) in Edmonton, Canada
September 18th
Prof. Rik W. De Doncker gives a presentation at the 13th
Symposium Energy Systems Technology at Kassel University
September 1st
First day of Benedikt Lunz as research associate at PGS
May 15th
Stefan Engel gives a presentation at the“Assistenten-Kolloquium
Leistungselektronik NRW” in Bochum
May 1st
First day of Gontran Pâques as research associate at PGS
April 23th
Prof. Rik W. De Doncker leads a panel discussion at “Life
needs Power” forum in Hannover and gives a presentation
April 15th 		
First day of Stefan Engel as research associate at PGS

2007
November 27th to 30th
Prof. De Doncker gives the keynote speech at the Seventh International Conference on Power Electronics and Drive Systems
(PEDS) in Bangkok, Thailand. Thomas Plum also gives a presentation at the conference.
November 26th
Thomas Plum participates in the Thai-German Symposium
on Power Electronics and Drives in Bangkok, Thailand, where
Prof. De Doncker and Christian Dick both give a presentation
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November 19th to 21st
Prof. Sauer is chairman of the 2nd International Renewable
Energy Storage Conference (IRES 2)
October 15th to 17th
Prof. De Doncker leads the panel discussion at the Umbrella
Symposium on Future Energy (Aachen – Jülich – Haifa) where
Prof. Sauer gives a presentation
October 9th
Prof. Sauer participates in the panel discussion at the
OPEN DAYS workshop “New energy and climate change
– European duty and regional responsibility” in Brussels,
Belgium
October 1st to 2nd	
Prof. De Doncker, Prof. Sauer and Christoph Meyer give presentations at the DAAD seminar for young Russian engineers
in Aachen
September 23rd to 27th
Christoph Meyer gives a presentation at the 42nd IEEE Industry Applications Society Annual Meeting (IAS 07) in New
Orleans, LA, USA
September 13th to 14th
Prof. De Doncker gives a presentation at the E.ON Engineering
Information Day in Marl

fehlt

September 10th
Prof. De Doncker gives a presentation at a panel discussion
on the occasion of the foundation of the NRW innovation
alliance in Essen
September 3rd	
First day of Thomas Butschen as research associate at PGS
August 31st
Prof. Sauer gives a presentation at the conference “Mythos
Stromlücke – Die Stromzukunft der Schweiz” in Zurich,
Switzerland
August 27th
Prof. Sauer gives a presentation at the 22nd summer school
“Renewable Energy” at FH Aachen/Jülich
July 11th
Doctoral examination of Christoph Meyer

June 27th to 28th
Christoph Meyer, Robert Lenke and Florian Mura participate
in the ECPE seminar on “Energy Storage Technologies” in
Aachen which is lead by Prof. De Doncker and Prof. Sauer
June 17th to 21st
Prof. De Doncker participates in the IEEE Power Electronics
Specialists’ Conference (PESC 07)
June 11th
Florian Bechholtz finishes his apprenticeship and is employed at E.ON ERC
June 5th
Dr. Vic Temple, the inventor of the MCT, gives a presentation
at PGS on the Super GTO, a novel semiconductor device for
pulse-power applications
May 27th to 30th
Thomas Plum participates in the InternationalSymposium on
Power Semiconductor Devices and ICs (ISPSD) in Jeju Island,
Korea
May 24th to 25th
Christian Dick participates in the IEEE German Chapter Meeting in Kassel
April 27th
Prof. Sauer gives a presentation at the VDEW workshop “Perspektiven und neue Anwendungsfelder elektrochemischer
Energiespeicherung”
April 19th
Prof. Rik W. De Doncker leads a panel discussion at “Life
needs Power” forum in Hannover
March 14th to 16th
Robert Lenke participates in the conference “Nowoczesne
urzadzenia zasilajace w energetyce” in Zakopane, Poland
March 5th to 7th
Prof. De Doncker gives a presentation at the CEM workshop on
“Transportable Megawatt Power Systems” in Austin, TX, USA
March 1st
First day of Florian Mura as research associate at PGS
February 25th to March1st
Prof. De Doncker gives a presentation at the IEEE Applied
Power Electronics Conference (APEC) in Anaheim, CA, USA

February 19th to 22nd
Prof. De Doncker gives a presentation at the E.ON mini conference in Zell am See, Austria
February 15th to 16th
Prof. Sauer participates in the seminar “Decentralized Energy
Systems – Integrating Renewable Energy Technologies in
Tomorrow’s Energy Supply”

2006
November 15th
Prof. De Doncker participates in the IEEE TAB meeting in
New Orleans, LA, USA
November 6th
Prof. De Doncker is appointed director of E.ON ERC and PGS
October 30th to 31st
Prof. Sauer gives a presentation at the First International Renewable Energy Storage Conference (IRES) in Gelsenkirchen
Prof. De Doncker gives a presentation at the Colloquium on
Power Semiconductor Devices in Freiburg
October 26th to 27th
Prof. De Doncker, Peter Koellensperger and Stephan Thomas
participate in the IEEE German Chapter Meeting in Munich
October 23rd to 25th
Prof. De Doncker, Christian Dick, Peter Koellensperger,Thomas
Plum and Stephan Thomas participate in the VDE Congress
in Aachen where Christoph Meyer gives a presentation
October 17th to 18th
Prof. Sauer gives a presentation at the seminar “EnergieForum–StromversorgungundBatterietechnologie”inCologne
October 10th to 11th
Prof. De Doncker, Robert Lenke and Thomas Plum participate
in the VDE ETG seminar on “Power Semiconductor Devices
and their Applications” in Bad Nauheim
October 8th to 12th
Prof. De Doncker, Christoph Meyer and Peter Koellensperger give presentations at the 41st IEEE Industry Applications
Society Annual Meeting (IAS 06) in Tampa, FL, USA
September 25th		
The agreement on the foundation of E.ON ERC is signed
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capacities. High availability of the systems is attained by
data replication in the SAN and implementation of management functions in the area of server virtualization.
Within the scope of a field test, the operation of ThinClients and desktop virtualization was tested at E.ON ERC.
The results showed that desktop resources can hereby be
applied more flexibly and effectively and that this concept
can excellently complement the computer landscape of
currently about 130 PCs at E.ON ERC.

Flexibility and High Availability of the New
IT-Infrastructure at E.ON ERC
After an extensive planning phase and a subsequent acqui
sition process at the end of 2007, all IT-components for the
new institutes at E.ON ERC were delivered as scheduled in
February 2008. The new IT-systems were implemented and
put in operation one month. This new IT-infrastructure is
based on an energy-efficient High Availability (HA)-cluster
(High Availability cluster) concept consisting of extremely
high-performance and electricity-saving servers, Storage
Area Network (SAN)-systems as well as new technologies
with regard to virtualization in the server and desktop area.
The use of highly complex simulation tools and the increasingly growing demand for always new IT-approaches
for solving research tasks requires a scalable concept which
takes into account current and future demands on the ITsurroundings of E.ON ERC. The server virtualization and the
exploitation of central server resources are the foundation
for this and allow, when needed, an easy and timely expansion around other network services and additional storage

Such an extensive and continuously growing IT-infrastructure
at E.ON ERC offers an excellent training opportunity for
young people that would like to train to become IT-special
ists. As the first trainee to become a computer specialist for
system integration, Simon Jussen began his education at
E.ON ERC in August 2008. Further vocational training places
for IT-specialists will be established in the coming years.

Dipl.- Ing. Andreas Gubernat, head of IT, explaining critical
communication data link
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Selected EVENTS, Press Releases,
Interviews and Articles
Events

Interviews

December 2008
RWTH National Journalist’s Meeting, organized by E.ON ERC
in cooperation with Forschungszentrum Jülich and RWTH
Aachen University, Press Office

December 2008
Coordination Interview Prof. Sauer with Handelsblatt

September 2008
Talk with Prof. Madlener about Smart Metering
April 2008
Groundbreaking Ceremony (together with RWTH and BLB)
January 2008
Presentation of 10 Scientist’s Boxes to the Kita Schurzelter Straße in Aachen; Event in Cooperation with the City
Aachen

Press Releases
December 2008
Press release: E.ON ERC and its 5 Institutes for Press kit
RWTH National Journalists’ Meeting
December 2008
Press release MoU with Alberta (Canada); worldwide distribution by E.ON press office
September 2008
Press release Prof. Madlener about Smart Metering

September 2008
Coordination Phone-Interview Prof. De Doncker with
Stern-Editor
July 2008
Phone interview Prof. De Doncker with DER SPIEGEL
June 2008
Interview Prof. Müller with IHK (Fr. Busse)
May 2008
Interview/Investigation aid Westfälische Rundschau
April 2008
Interview Prof. De Doncker with TAM
March 2008
Interview Prof. Sauer with E.ON World
March 2008
Interview with Aachener Zeitung/Aachener Nachrichten
February 2008
Interview Prof. De Doncker with FinancialTimes Deutschland
January 2008
Interview Prof. De Doncker with WDR Lokalradio

September 2008
Press release FREEDM/Cooperation with North Carolina State University respectively NSF; worldwide shipping through
E.ON press office
April 2008 		
Press release Groundbreaking Ceremony (with RWTH and BLB)
January 2008 			
Press release Scientist’s Boxes

Selected Events, Press Releases, Interviews, Articles
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Articles
Daily, weekly and monthly released
newspapers and magazines:

.
.
.
.
.
.
.

FAZ, November 2008
dpa, September 2008
Der Spiegel (33/2008)
Westfälische Rundschau, May 2008
Financial Times Deutschland, March 2008
Die Welt, March 2008
Diverse Articles in Aachener Zeitung/Aachener Nachrichten
Professional Journals/Company Journals

.
.
.
.
.
.

TAM Nachrichten für die Versorgungswirtschaft (Interview
Prof. De Doncker, September 2008)
Energate (Smart Metering, September 2008)
Geothermische Energie
(Presentation in Detail E.ON ERC 2/2008)
IGA (international Geothermal Association) News (Presentation
in Detail E.ON ERC 2/2008; engl.)
Diverse Articles in„Wirtschaftliche Nachrichten der IHK Aachen“
Diverse Articles in E.ON-Publications
Online Bulletins
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Energeticon: Competence Center Energy on the
AnnA-terrain in Alsdorf near Aachen
Energeticon is planned as a competence center for energy
that will focus on coal mining history and future energy technologies. It is located on the AnnA terrain in Alsdorf near
Aachen,aformercoalminewithwell-preservedminebuildings
including an accessible landscaped stockpile.
ISEA and E.ON Energy Research Center (E.ON ERC) of RWTH
Aachen University have initiated their intensive engagement
in Energeticon since April 2007. Both organizations mainly
provide scientific consulting and conceptual support during
the planning and realization of the exhibition as well as the
implementation of scientific exhibits on the topic of energy.
Technical, economical and socio-scientific aspects are taken
into account, and different institutes from RWTH Aachen University and Aachen University of Applied Sciences are hereby
included in this project.The concrete design of the exhibition
has begun with the help of a professional exhibition organizer. Within the framework of EuRegionale 2008, Energeticon
has been presented under the motto“Energy Mile” in September 2008. The opening is scheduled for 2010. The redesign
of the conveyor machine building has already been completed
in 2008.

of interactive exhibits, e.g. an experimental lab for performing tests and an accessible underground mine section. At
Energeticon, the visitor learns about the world of coal mining
of the region that is representative for the mining districts in
Europe. Moreover, the visitor is informed about the current
status of energy and future technologies by means of exhibits
and information about the state-of-the-art in power engineering, civil engineering and mobility. The exhibition includes,
among others a duplex house, in which one half is the old
building (miner house) and the other half is the reconstructed
old building that has been renovated using the most modern
energy-saving standards. Finally, visitors have the opportunity
to delve into all the subject fields presented.

Target groups for the planned Energeticon are families of
every age, pupils and students. In addition, different events,
e.g. seminars about efficient buildings, will take place for
selected experts.The experience-oriented exhibition consists

Contact
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Contact
E.ON Energy Research Center,
RWTH Aachen University
Jägerstraße 17/19
52066 Aachen
Germany
T +49 (0)241 80 96920
F +49 (0)241 80 92203
post_erc@eonerc.rwth-aachen.de

EBC – Institute for Energy Efficient
Buildings and Indoor Climate, E.On ERC,
RWTH Aachen University
T +49 (0)241 80 99566
F +49 (0)241 80 92932
post_ebc@eonerc.rwth-aachen.de
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