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

Preface
I am happy to present to you the second E.ON ERC Annual Report. In 2009, persistence and hard work paid off: during the
first week of September all five E.ON ERC Institutes moved in
the “New Building”, located in RWTH Aachen University CAMPUS Cluster Sustainable Energy. This move allowed us to start
working as a real center and definitely was a highlight in the
past year. However, several other events and achievements are
also noteworthy and are reported below.
As mentioned in the 2008 Annual Report, work on designing
and planning for a center office building started in November
2008. Thanks to the dedicated team work of RWTH Central
Building Office, the RWTH Computer and Communication Center, as well as the architects of K2 GmbH, the hard work of the
construction company KLEUSBERG GmbH & Co. KG, who faced
several weeks of bad weather conditions in 2009, and thanks
to the meticulous planning by the E.ON ERC Building Team,
under leadership of the Institute for Energy Efficient Buildings and Indoor Climate (EBC), a new office building was completed in less than 11 months in the Mathieustraße, Aachen.
Building went so fast, that the city of Aachen had not yet decided on the building’s official street number when the inauguration took place last October 12. The role of our IT Group
cannot be underestimated. Many hours of late-night overtime
work, checking the countless intranet switchers, WLAN routers, digital telephone hook-ups, fiber optical wires and power
cables, as well as installing hundreds of PC workstations, monitors and main servers, guaranteed that the move of all five
institutes, from four different locations in Aachen, went very
smoothly. The work done by our technicians and techniciansin-training, under leadership of Dipl.-Ing. Andreas Gubernat,
must certainly be applauded.
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Fig. 1: E.ON ERC New Office Building, Mathieustr. 6,
at RWTH Campus Cluster Sustainable Energy

During 2009, the 2nd E.ON ERC Annual Meeting and Scientific
Advisory Board (SAB) Meeting took place, beginning of April.
Following up on the recommendations of the SAB, several
strategy meetings were organized. I would like to thank all my
colleagues at E.ON ERC for helping to define and formulate
our strategic key research topics, which are, in accordance with
our mission statement, in the area of energy efficiency, energy
savings and renewable power sources. Clearly, as five institutes
from four faculties are working together at E.ON ERC, the competences of the center can be situated on different types of
research levels or planes. As shown in the figure on page 9,
three planes were identified, i.e. the Components and Materials Research Plane, the Emerging System Engineering Plane
and the Energy Markets Plane.

All key research topics of E.ON ERC can be allocated to one
of these planes. This view on our work and the fact that all
institutes could work in one building center, physically linking
the different disciplines of all five E.ON ERC institutes, not only
increased the number of joint cooperative projects by the end
of 2009, but also, in my view, considerably accelerated innovative work in areas such as, energy efficient homes, smart grids,
exploration technologies for reservoir engineering, business
models for plug-in vehicles, development of hardware-in-theloop tools.
Research and support activities at E.ON ERC have increased
in 2009. In total, 119 staff members and student assistants or
trainees were active by the end of 2009. About 70 scientists
were working full-time at E.ON ERC, up from 57 in 2008. More
than 70 scientific peer reviewed journal or conference papers
and the first four E.ON ERC Reports (ISSN-1868-7415) were published. A major highlight in 2009 was the fact that Jun.-Prof.
Dirk-Uwe Sauer tenured and was subsequently nominated Associate Professor at the Faculty of Electrical Engineering and
Information Technology (ET&IT). Prof. Sauer conducts research
at PGS on large scale electrochemical energy conversion and
energy storage systems. As significant was the appointment of
Prof. Ferdinanda Ponci as lecturer at the Institute for Automation of Complex Power Systems (ACS) by the Faculty of ET&IT.
Prof. Ponci teaches the two-semester course “Measurement
Techniques and Distributed Intelligence for Power Systems”.
Dr. Jürgen Lenz, Vice President Gas of the German Association
for Gas and water (DVGW), was appointed as lecturer to teach
a course on “Low Carbon Energy Conversion Systems ” in the
Faculty of ET&IT. His lectures are part of the study program offered by ACS and EBC.

During the course of 2009, E.ON ERC expanded its International
Energy Cooperation Program (IECP). No less than five Memoranda of Understanding (MOUs) were signed. In April, during
the 2nd E.ON ERC SAB Annual Meeting, the Department of
Energy Technology of Aalborg University, Denmark signed the
IECP agreement. Institutes of E.ON ERC and RWTH University
and Aalborg University were already working on a mediumvoltage battery test system (E.ON International Research Initiative Project “HERMES”). Shortly thereafter, the IECP MOU
with the Center for Renewable Energy of NTNU Trondheim University was signed in Norway. Joint studies with NTNU and SINTEF have started in the area of Windfarms. The MOU (signed
in 2008 with the NSF Engineering Research Center FREEDM at
North Carolina State University, USA) was amended by adding
a student exchange program, which was signed at university
level in 2009. In December, the UK Midlands Energy Consortium (MEC), a consortium between Loughborough University,
Birmingham University and Nottingham University, signed the
MOU. In this context two workshops were organized, one in
Aachen and one in Birmingham. MEC was a strong contributor to our EnergyHills application to the European EIT Board
for a Knowledge and Innovation Community in the area of
Sustainable Energy. Despite the negative outcome of this application, which took enormous effort and time of all partners,
we hope that the relations between E.ON ERC, MEC and the
90 EnergyHills partners will continue in another form. Shortly
before Christmas, the IECP MOU was signed by the Energy
Science Center of ETHZ in Zürich, Switzerland and was ratified
by the Rectors of ETHZ and RWTH Aachen. Close cooperation
between both centers had started under the IDEA League program. Furthermore, in 2009, the winter semester lectures of the
IDEA League Master Course on Geoscience were organized at
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E.ON ERC by the Institute for Applied Geophysics and Geothermal Energy (GGE), under leadership of Prof. Christoph Clauser
(two other semesters are organized at TU Delft and ETHZ).
By December 2009, construction of the 1000 m2 Experimental
Hall was completed and although the official inauguration
date is scheduled for next March, during the 3rd E.ON ERC Annual Meeting, the Institute for Energy Efficient Buildings and
Indoor Climate (EBC) and the Institute for Power Generation
and Storage Systems (PGS) commenced installing infrastructure and equipment. We were fortunate, that the large Test
Halls still provided ample space to organize the first E.ON ERC
Christmas party. The preparations by all institute secretariats
and the E.ON ERC central administrative office was greatly
appreciated. More than 120 E.ON ERC staff members and students joined this event, which I can only describe with the
word “fantastic”. I hope next Christmas will be able to match
the relaxed atmosphere, tasteful food and original music. In
particular, the ACS music band, under leadership of lead guitarist, Prof. Antonello Monti, was particularly eventful.

I would like to thank our main sponsors, E.ON AG, in particular
Dr. Markus Ewert, Vice President Corporate Development New
Technologies, and RWTH Aachen University, as well as all industry and public partners for their support and fruitful cooperation. Special thanks to all members of the Advisory Board
of the E.ON ERC gGmbH Foundation for guiding our E.ON ERC
gGmbH research projects. Special thanks to the E.ON ERC Scientific Advisory Board (SAB), for their valuable advice and time
to assess our visions and activities at the 2nd E.ON ERC Annual
Meeting. Special thanks also to the deans of the four supporting RWTH Aachen faculties for their continued support. I would
also like to thank our RWTH Central Administrative Offices for
helping to establish a ‘true’ research center at our university.
Last but not least, I would like to thank all my colleagues, staff
and co-workers for supporting the center. In particular, I would
like to thank Dr. Sabine Vogel, Executive Assistant, for leading
and restructuring the Administrative Office in 2009 and leading the editing of this Annual Report.

Aachen, January 2010

Rik W. De Doncker
Fig. 2: Construction of the 1000 m E.ON ERC Test Hall was
completed in 2009. Test set-ups of the Institute for Energy
Efficient Buildings and Indoor Climate and the Institute for
Power Generation and Storage Systems are being installed.
2

CONTACT
Univ.-Prof. Dr. ir. Rik W. De Doncker
Director E.ON Energy Research Center
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Mathieustr. 6
52074 Aachen
Germany

T +49 (0)241 80 49660
F +49 (0)241 80 49669
post_erc@eonerc.rwth-aachen.de

Fig. 3: Research Planes indentified at E.ON ERC. All key research topics can be allocated to one of these
planes and structures our research activities. Interactions between disciplines and across different
planes encourage and accelerate innovative work. Examples of on-going work are depicted in this
figure.
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Organization Chart E.ON Energy Research center

E.ON ERC gGmbH
Rik W. De Doncker
Markus Ewert

SCIENTIFIC ADVISORY BOARD

E.ON ERC DIRECTOR
Rik W. De Doncker
Sec.: Alexa Erckens

ADMINISTRATION
Sabine Vogel
Silvia Kroll, Sarah Stracks

AUTOMATION OF COMPLEX
POWER SYSTEMS
Antonello Monti

IT
Andreas Gubernat
Florian Bechholtz,Valentin Mathis

ENERGY EFFICIENT BUILDINGS
AND INDOOR CLIMATE
Dirk Müller

FUTURE ENGERGY CONSUMER
NEEDS AND BEHAVIOR
Reinhard Madlener

Directed by Prof. Dr. Rik W. De Doncker, the E.ON Energy
Research Center (E.ON ERC) comprises five institutes:
Automation of Complex Power Systems (ACS, Prof. Dr.
Antonello Monti), Energy Efficient Buildings and Indoor Climate (EBC, Prof. Dr. Dirk Müller), Future Energy
Consumer Needs and Behavior (FCN, Prof. Dr. Reinhard
Madlener), Applied Geophysics and Geothermal Energy
(GGE, Prof. Dr. Christoph Clauser) and Power Generation
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ELECTRICAL WORKSHOP
N.N.

MECHANICAL WORKSHOP
Hartmut Moosmayer
Thomas Henn

APPLIED GEOPHYSICS AND
GEOTHERMAL ENERGY
Christoph Clauser

POWER GENERATION AND
STORAGE SYSTEMS
Rik W. De Doncker

and Storage Systems (PGS, Prof. Dr. Rik W. De Doncker).
Moreover, it encompasses the areas of administration, IT
and the mechanical workshop. With two managing directors, the E.ON ERC gGmbH is a Public Private Partnership
between RWTH Aachen University and E.ON AG, and promotes the E.ON ERC research projects. The project applications are approved by the gGmbH Board.

Members of Staff

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

Alexa Erckens
Secretary

Dr. Sabine Vogel
Silvia Kroll
Executive Assistant Administration

Sarah Stracks
Administration

Alicia Cool
Trainee
Administration

Dipl.-Ing. Andreas
Gubernat
Head of IT

Florian Bechholtz
IT System
Administrator

Valentin Mathis
IT System
Administrator

Andre Trebels
Trainee IT

Rafael Kocurek
Trainee IT

Hartmut
Moosmayer
Head of Mechanical Workshop

Thomas Henn
Technican
Mechanical
Workshop (EBC)

Simon Jussen
Trainee IT

Graduate student assistants
Kerstin Szonn, Dipl.-Ing. Rebecca Collong

Members of Staff
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Administration at E.ON ERC
The Administration functions as a service provider for the
director and the five institutes of the center. Its work comprises the areas of publicity and marketing, events, personnel, contracts, accounting and controlling as well as quality
management.
Regarding the publicity and marketing area, the image of
E.ON ERC and its outward presentation is developed in
concurrence with the director and the experts of the five
institutes. During 2009, an increasing number of internal
and external questions were answered. Moreover, in collaboration with the freelance journalist and editor, Dr.
Rolf Sweekhorst, press releases were published and publicity work was intensified, also in cooperation with E.ON
AG. In the beginning years, the publicity work focused on
presenting the structure, financing and the building of the
center. In the future, the proactive publicity work of the
center will focus on presenting the themes, projects and
research results addressed to the general public and the
international press. Last year, the director and the respective institute heads represented E.ON ERC at numerous regional, national and international events and conferences.
Furthermore, diverse papers, articles, interviews and online
bulletins relating to the center were publicized in regional, national and international newspapers including Süddeutsche Zeitung, Handelsblatt, Spiegel, Financial Times
Deutschland, Welt, FAZ as well as at WDR. The entire website
(www.eonerc.rwth-aachen.de) was completely renewed
and the new corporate design implemented. Moreover, the
first and this second Annual Report were published. Beginning in 2010, a new edition of the E.ON ERC Brochure and a
new E.ON ERC Newsletter will appear.
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Administration at E.ON ERC

In the past year, various events of E.ON ERC were organized. These included the annual E.ON ERC Scientific Advisory Board Meeting held for the first time in April 2009
and attended by experts from the partner universities, E.ON
and by other guests as well as representatives from RWTH
Aachen University at the new Super C administration building of RWTH Aachen University. The next Scientific Advisory
Board Meeting will be held in the new E.ON ERC Test Hall in
March 2010; further RWTH participants and research partners of E.ON ERC will be invited to attend. Parallel to this
meeting, the newly erected E.ON ERC Test Hall, taken over
by RWTH in December 2009, will be inaugurated. In October
2009, the handing over of the keys to the new E.ON ERC
building located on the RWTH Campus in Melaten was celebrated after all the institutes and the administration had
moved in there during September 2009 (see also picture on
the next page). In December 2009, the E.ON ERC Colloquium
was initiated. To be held on a regular basis, this colloquium
represents a forum for internal and external speakers to
present current topics concerning energy research and relevant areas. Besides this, there were further external events
at which the E.ON ERC institutes participated or planned together such as Dies Academicus of RWTH or the Open Door
Day within the scope of the Year of Science 2010.
The area of accounting/controlling is continuously growing,
especially because in the beginning phase, diverse acquisitions such as furniture and other equipment as well as
moving expenses needed to be paid. In this department, the
project payments for the first institute of the center had to
be assumed by the Administration; taking over the project
expenses for further institutes is planned. The introduction

of a new, shared accounting software system is currently
running at E.ON ERC.
The implementation of a quality management system for
E.ON ERC will be continued. After it was decided to install
professional quality management software, especially designed for universities and for complex demands of such
a center, the installation of the software as well as the installation of the first contents for the administration have
begun. Exemplifying one institute with a wide scope of
demands, the realization phase has started; the other institutes will be gradually incorporated and will be aided
individually by the administration. For this, the exemplary
developed supporting structure of the first institute will be

used and adapted to the various demands of the other institutes. Introducing such a quality management system has
the following advantages: transparency for the employees,
students and project partners, improvement or a bolstering
of productivity as well as a saving of time. All the generally
relevant documents will be pictured on a central level in
the system and will be easy to access such as the corporate
design and documents to which the institute employees
can gain access. Moreover, the center has a level in which
the quality management documents can be stored. On an
institute level, all institute-relevant documents are accessible for the respective institutes, including all the research
project data.

Fig. 1: Hand-over of keys (from l.t.r.): Dr. Bernhard Fischer, board
member E.ON Energy AG, Munich, Prof. Dr. ir. Rik W. De Doncker,
Director E.ON Energy Research Center, RWTH Aachen University,
Prof. Dr. Ernst Schmachtenberg, Rector RWTH Aachen University

Contact
Dr. Sabine Vogel
T +49 (0)241 80 49667
F +49 (0)241 80 49669
svogel@eonerc.rwth-aachen.de

Administration at E.ON ERC
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Move into the New E.ON ERC Building and the New
Test Hall: Challenge for Planning and the Effective
Application of the IT-Infrastructure
For the IT-department at E.ON ERC, the year 2009 was significantly marked by the move into the new E.ON ERC as well
as the opening of the new Test Hall. Prior to the move, the
IT-team installed 180 data- and telephone connections for
the future computer operations in the temporary building.
Thanks to the enormous engagement of the IT-employees
and trainees as well as the excellent support of the Computing and Communication Center, we were able move on
schedule and also to assume IT-operations despite the late
completion of the building.
Before the move into the new building, the IT-network of
E.ON ERC was spread among four locations. The linking of
individual sites to the central server infrastructure in the
Jägerstrasse was partially very complex; maintaining the
computer systems at the various locations demanded an
enormous expense in terms of personnel. Because of the
moving period of three weeks, the aim was to ensure the
continuous IT-operations at the former as well as the new
site during the entire period. This required a detailed and
comprehensive planning phase, in particular, monitoring
routines during the building transfer as well as a close co-

ordination with the Computer and Communication Center
of RWTH Aachen University. Fortunately, the target could be
realized: even on the moving day itself, there was no interruption in data- and telephone operations. The startup of all
computer and network operations took place without any
problems and moreover allowed Prof. Clauser to conduct
his first block courses for IDEA League students in the new
building. During this course, 15 Thin Clients (small computers whose functionality is limited to input/output) were
used. The hardware and software for these systems were already prepared by the IT-department in the summer of 2009
and, with this block course, could be tested during teaching
operations for the very first time.
Under supervision of our technicians, all computer technician trainees were decisive in implementing all the ITprojects and successfully accompanied these projects with
great engagement. In addition, the support of the computer
technician trainees from the Institute of Power Electronics
and Electrical Drives shortly before the move was also considerably instrumental to the success in completing the ITinfrastructure in the new E.ON ERC building.

Contact
Dipl.-Ing. Andreas Gubernat
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Technical Equipment/IT

T +49 (0)241 80 49666
F +49 (0)241 80 49669
agubernat@eonerc.rwth-aachen.de

Mechanical workShop at E.ON ERC
The tasks of the mechanical workshop are mainly to construct test benches based on technical drawings and to
plan and install the various supply infrastructure for the required media, such as air, water, cooling, gas, etc. Additional
tasks include maintaining and repairing the aggregates to
ensure smooth and safe operation during testing. Moreover,
drilling, milling, cutting and lapping machines and tools are
available for the mechanical workshop to construct complex units and prototypes.

The hiring of a technician for the electrical workshop at
E.ON ERC is currently in progress. As of the beginning of
2010, power electronic converters will be installed in the
mid- and low-voltage range as well as the equipment for
building technology and for managing and controlling the
test benches.

Installation of the mechanical workshop, located in E.ON
ERC Test Hall, has begun in the autumn of 2009.

Contact
Hartmut Moosmayer
T +49 (0)241 80 49677
F +49 (0)241 80 49669
hmoosmayer@eonerc.rwth-aachen.de

Technical Equipment/Mechanical Workshop
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RWTH Aachen Campus - Cluster Sustainable Energy
With its new campus, RWTH Aachen University aspires to
become one of the leading technical universities worldwide.
In the coming years, up to 19 research clusters with office
and test spaces as well as laboratory units for more than
10,000 employees will gradually be built on an area of approx. 800,000 m².
In a sustained and interdisciplinary manner, industrial research partners are working together with university institutes in distinct clusters which focus on defined research
topics. The following six clusters mark the beginning research clusters:
•
•
•
•
•
•

Biomedical Engineering
Photonics
Logistics
Integrative Production Technologies
Heavy-Duty and Off-Highway Powertrain
Sustainable Energy

The essential target for ensuring an environmentally friendly and sustainable energy supply is to minimize the primary
consumption of energy and other resources upon simultaneously satisfying demand as economically as possible. The
cluster Sustainable Energy, directed by Prof. Dr. De Doncker,

essentially aims, at boosting energy efficiency as well as energy savings and facilitating the transfer to a sustainable
energy production. One key method to achieve this is the intelligent cross-linking of various energy networks (electricity, gas, heat), at every level (transport, distribution and enduser). In addition, increased use and functionality of power
generating units and storage systems, while automating
further the electrical grid may substantilly allow increased
use of renewable power sources. Not only does energy generation which protects our resources (geothermal energy,
wind energy, solar energy) provide new impulses to technology but it also meets actual demand, saves money and
reflects social aspects. From a technological point-of-view,
new fundamental research is being advanced, e.g. regarding novel insulating materials in intelligent fibers or new
semiconductors in power electronics. The holistic approach
of the cluster with competencies in the diverse, overlapping
disciplines makes up the prerequisite for pragmatic as well
as intelligent solutions to guarantee a sustainable energy
supply. E.ON Energy Research Center is the „beacon“ of this
cluster, where questions about current energy topics such as
energy efficiency, energy-saving measures and regenerative
energies are dealt with by five institutes there. During 2009,
already many firms have shown their interest in becoming
integrated in the CAMPUS Cluster, Sustainable Energy.

Contact
Dr. Sabine Vogel
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RWTH Aachen Campus

T +49 (0)241 80 49667
F +49 (0)241 80 49669
svogel@eonerc.rwth-aachen.de

Chronicle
December 2009
22

Signing of Memorandum of Understanding between
Energy Science Center of ETH Zurich, Switzerland and
E.ON ERC

18

Signing of Memorandum of Understanding between
Midlands Energy Consortium (MEC, University of Birmingham, Loughborough University and the University
of Nottingham), UK and E.ON ERC

09

First E.ON ERC Colloquium: Dr. Markus Ewert, E.ON AG
gave a talk on “Presentation of E.ON AG, Germany, Europe
and international “

04

E.ON ERC Christmasparty at the new Test Hall (top
picture)

november 2009
25

This year, the ATEC conference, organized by RWTH
Aachen University and Aachen Entrepreneurship, focussed on Mobility, ICT and Sustainable Energy. The topic
of the keynote presentation of Prof. De Doncker was on
energy storage systems for a CO2 free energy supply . Dr.
Ewert’s presentation was about “Energy Storage - R&D
potential from an energy supplier perspective”
(middle picture)

October 2009
28-29

On behalf of the Federal Ministry of Economics and
Technology the Fraunhofer Institute of Building Physics together with the Fraunhofer Institute for Solar
Energy Systems and the E.ON Energy Research Center, RWTH Aachen University organized the „LowEx“
Symposium in Kassel, Germany

15

Hartmut Moosmayer joins E.ON ERC as head of
mechanical workshop

12

The new E.ON ERC building was inaugurated on 12
October 2009. During the opening ceremony the keys
were handed over to the occupants of the new
building (bottom picture)

Chronicle

17

02

ACS celebrates 1st anniversary with E.ON Energy
Research Center (top picture)

September 2009
21

Signing of Memorandum of Understanding between
FREEDM Systems Center (North Carolina State University, Arizona University, Florida State University, Missouri
University of Science and Technology and Florida A&M
University) and E.ON ERC

18

E.ON ERC internal new building inauguration party
(middle picture)

10

At the closing session of the 13th European Conference
on Power Electronics and Applications, organized by the
European power Electronics (EPE) Association in Barcelona, the Power Electronics Society (PELS) of the Institute of Electrical and Electronic Engineers (IEEE) and
EPE signed a break-through LoI for a strong partnership
in Europe. Four years ago, under the leadership of Prof. De
Doncker, IEEE PELS embarked on a new strategy to improve both the technical and academic quality of its in
ternational conferences, while making the conference
more attractive to industry participants.

04

All E.ON ERC institutes move together into the new office
building at RWTH Campus Melaten.

august 2009
31-03

Prof. De Doncker gives a lecture at the International
Conference on Sustainable Energy Technologies
(SET) in Aachen, Germany

31

Three new issues of the E.ON ERC Series were
published:

•

“A Feasibility Study Regarding Micro-Drilling Technology”, Jörg Dietrich, Maurice Kowal, Christoph Clauser,
Rik W. De Doncker, GGE&PGS
“Prospecting and Developing Geothermal High-Enthalpy Fields for Power Production - Development
of an FP7 Proposal for a Project in Turkey -”, Virginie
Harcouët, Roland Blaschek, Christoph Clauser, GGE

•

18

Chronicle

•

10

“Optimized System Efficiency of the Photovoltaic
System for the E.ON Energy Research Department
Main Building”, Gontran Pâques, Christian Dick, Rik
W. De Doncker, PGS
E.ON Energy Research Center Series, published as
journal with the ISSN 1868-7415, is the new series of
E.ON ERC. Reports of current institute projects and
research results are presented. The first issue was
published at the beginning of the month (bottom
picture on the left, p.18):

•

“Medium-Voltage Variable-Speed Mini-Turbine”,
Florian Mura, Rik W. De Doncker, PGS

17

Rafael Kocurek and Andre Trebels join the E.ON ERC
IT team as IT trainees

17

Alicia Cool joins the E.ON ERC Administration team
as administration trainee

May 2009
01

“Future Energies - Challenge for Science and Politics”
Interview with Prof. Dr. ir. De Doncker in the RWTH
alumni magazine “Keep in Touch”

April 2009
20

In a Memorandum of Understanding (MoU), the E.ON
Energy Research Center (E.ON ERC) of RWTH Aachen
University and the Institute for Energy Technology
(IET) of the Danish Aalborg University have agreed to
work together in the future on research and teaching
in different areas of power engineering and
sustainable energies.

09

The E.ON Energy Research Center of RWTH Aachen
University and the Center for Renewable Energy of
the Norwegian University of Science and Technology,
Trondheim, sign a Memorandum of Understanding

02-03

E.ON ERC Scientific Advisory Board Meeting

July 2009
28

On 28 July 2009, Prof. Rik W. De Doncker received the
Nari Hingorani Custom Power Award of the IEEE
Power and Energy Society for the development of
solid state transfer switch technology and converters for medium voltage applications. This award
was presented to Prof. De Doncker at the 2008 IEEE
PES General Meeting in Calgary, Canada.

February 2009
24

E.ON ERC Strategic Meeting

01

Silvia Kroll joins E.ON ERC Administration

june 2009

january 2009

24

20

Valentin Mathis joins E.ON ERC IT team as system
administrator

Sarah Stracks joins E.ON ERC Administration

Chronicle

19

e.on erc central offices team

From left to right: Andreas Gubernat, Alexa Erckens, Rafael Kocurek, Alicia Cool, Florian Bechholtz, Sarah Stracks,
Dr. Sabine Vogel, Silvia Kroll, Hartmut Moosmayer, Prof. Rik W. De Doncker, Andre Trebels, Valentin Mathis
Not pictured: Simon Jussen

20

Team

21

Institute
For Automation
of complex
Power Systems

Univ.- Prof. Dr.- Ing. Antonello Monti

Preface
When I was given the deadline for preparing this introductory page, I could not believe we were already working at
the second edition of our annual report.
When I started thinking about what to write in this introduction and collecting all the material, then I realized: it
actually must take at least one year to do all that we did at
ACS in last 12 months.
It has been and it probably will be the most important year
for this Institute: the first one. It has been an incredible journey so far.
At the time of the previous edition of my annual report, only
one assistant was working full time at ACS. Together we also
had one associate professor and one secretary. Today there
are five more assistants working full time and 2 more ready
to be hired in the next couple of months. A daily growing
list of Master students working at thesis projects and HiWis
assigned to small projects are populating the CIP Pool.
All in all about 20 people, daily, contribute to ACS, and I
believe that this is just the beginning. Thanks to an amazing group of assistants, ACS is attracting the attention of
industry, research labs and governmental agencies. The numerous funding proposals that have been submitted in the
last four months are the foundation for our growth. Some
of them already proved successful, bringing in more people
and more excitement. And more are in the pipeline.
I have a long list of things to be happy about, a long list of
milestones that ACS has reached, thanks to the dedication
of every individual contributing with his/her daily work.
Let me start with the achievements in teaching.
In the last 12 months ACS has launched five new master level courses and we are working at three more new offers in
the form of Prakticum and Seminars for a total of eight new
classes. Each of these classes proposes a new approach to
the analysis and design of power systems. I believe that
innovation in teaching and new research approaches are
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intertwined and coherently we decided to start with a fresh
new set of classes not included in classical curricula.
I am also very happy to report that ACS is hosting two more
Instructors. In particular, I am really grateful to Dr. Lenz for
his unique contribution with his course “Low Carbon Energy
Conversion Systems”. A wonderful example of what our ERC
is about: new interdisciplinary frontiers in the energy field.
All these teaching activities have attracted the interest of
other universities and I have already been asked to serve
as Visiting Professor, offering ACS courses, in 4 different universities so far.
Furthermore, ACS is also attracting the interest of students
from all around the world and I am very satisfied with the
international diversity of my collaborators.
But teaching is only the beginning. In the area of research,
ACS has taken a truly international approach creating a network among different countries and continents.
While continuing the collaboration with my former University in the United Stated, the University of South Carolina,
we have built a solid network of new partners.
Within Germany, apart from contacts and collaborations
with E.ON, it is worth mentioning a strong alliance with
Fraunhofer SIT in Darmstadt. We have already completed
the submission of one EU proposal and one more to the
BMBF. Meetings have been held with researchers from
other Fraunhofer laboratories in Germany as well as with
industrial partners.
Across the border, I like to mention a Memorandum of Understanding with Sintef in Norway, that brought to a joint
proposal to the National Research Council of Norway. We
look at this proposal as a first step towards a long-term collaboration in the area of off-shore wind-farms.
Recently ACS also started a new initiative with the
Queensland University of Technology, which led to the sub-

mission of a joint proposal to the Australian Government.
We look forward to working together, even more so because of the strategic alliance between the government of
Queensland and North Rhein Westphalia.

Still in the area of simulation, it is worth mentioning the
effort of integrating communication simulation and power
system simulation through innovative co-simulation methods.

In the next few months, I am also looking forward to a
tighter collaboration with the Midlands Energy Consortium
in the UK, in particular in the area of Smart Grids.

Another area where ACS showed new and interesting results is distributed control and agent-based systems. We are
in particular looking forward to developing applications in
the area of optimization of energy management for single
home as well as distribution networks.

On a larger scale, ACS gave a significant contribution to the
preparation of the Knowledge Innovation Community proposal, led by Energy Hills. This effort is to me a clear sign
of the leadership that the E.ON ERC can offer at European
level in the area of Sustainable Energy.

We expect these main areas to grow significantly during the
next year both through industrial project and governmentsupported applications.

Coming back to Aachen, the most amazing adventure has
been the creation of a real collaborative network within the
Center, also supported by the proximity in our new building. Besides the successful projects with my colleagues,
I am mostly amazed with the culture that is alive within
our group. I found it fascinating while sitting in my office
together with Prof. Madlener, to hear one of his assistant
describing to me a project she has elaborated together with
one of my assistants. This is what the Center is about, I believe. Thanks to our new location, the network of ideas is
spiraling and growing. Assistants with completely different
backgrounds, meet in the corridors and develop new perspectives in research. And it took less than two months of
being together to create this kind of environment.

In conclusion, I would like to thank all those who are making
this possible.

On the more technical side, ACS already proved unique skills
in the area of system simulation and hardware in the loop
testing. In particular, the simulation of stochastic systems is
attracting a lot of interest for system analysis in many different applications.

I feel fortunate to have hired the most amazing group of
assistants. Each of them is unique in his way.

Let me start with my four colleagues directors of Institutes
at the E.ON ERC: an amazing group with which is a pleasure
to work every day. I have done or I am planning to do projects with three of them already, and even the last missing
link to GGE will soon be established. There is so much to
learn from a daily contact with four other disciplines!
Last but not least let me thank the ACS people. I have the
luck to have another professor who shares with me the
“burden” of running the Institute, Prof. Ponci, who is fundamental in supporting the cross-disciplinary approach of ACS.

But if every day, everything works seamlessly, is thanks to
my Secretary, Nicole Bielders.

CONTACT
Univ.- Prof. Dr.- Ing. Antonello Monti
Director ACS
Mathieustr. 6
52074 Aachen
Germany

T +49 (0)241 80 49700
F +49 (0)241 80 49709
amonti@eonerc.rwth-aachen.de
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technical Equipment
The ACS laboratory is on the way to be completed. We are
in the process of purchasing or building the missing parts
nonetheless the structure and the goals are already well
defined.

tions, it was impossible to choose one single platform for
the real-time simulator. Thus we have designed a custom
laboratory structure that accounts for all the scenarios of
interest and satisfies all our foreseeable needs.

The goal of the lab is to:

The structure of the laboratory is represented in figure 1.

•

The three different simulation platforms support:

Support fast prototyping of control systems and
de-risk new control architectures for application in Power
System.

This goal is achieved through a state of the art real-time
(RT) simulator.
Considering that our research focus is on complex systems
and given that the simulation of different systems and scenarios may require different hardware and software solu-

•

Real-time simulation of complex power system (RTDS).

•

Real-time simulation of distributed system (e.g. simulation of wind farms and representation of wind field
distribution) (DSP Cluster).

•

Real-time simulation of multi-physic system (PC cluster).

Members of Staff /Technical Equipment
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tion will be the RT simulation of large off-shore wind farms.
This platform, though, is suitable for all kinds of systems for
distributed generation.
For what concerns RT simulation of multi-physic systems,
thanks also to the collaboration with AICES (RWTH Institute
for Advanced Study in Computational Engineering Science),
we are developing a new type of solver for complex systems that leverages on the computational power of multiprocessor machines. For this purpose we are in the process
of purchasing one of the most powerful shared memory
machines on the market. We believe that we will have the
first test case running in few months. At the same time we
have already started collaborating to EBC on testing for
home energy systems and CHP.

Fig. 1: Structure of the laboratory

For what concerns the real-time simulation of complex
power system we are leasing a first rack of RTDS, which
is the state of the art in RT simulation of power system. A
group of ACS researchers has been trained and is now practicing with this rack. At the same time we are in the process
of extending the system with the purchase of more racks.
For the realization the real-time simulations of distributed
systems we started a collaboration with PGS to develop the
hardware and software to build a simulator based on a cluster of DSP. The simulator will represent a unique facility for
the testing of distributed energy system. The first applica-

28

To support Hardware in the Loop and Power Hardware in
the Loop testing, we plan to connect the RT setup to the
new E.ON ERC testing facility, currently under construction.
For the same reason, considering the great industrial interest on this topic, we are building a Grid Emulator that will
be placed directly inside this laboratory for testing small apparati (less than 20 kW each).
The lab infrastructure will also support the following activities:
•

Simulation of communication infrastructure in conjunction with power systems

•

Simulation of distributed control systems

•

Simulation of agent-based control

We also have a complete set of software tools that we have
already acquired and can be used in all our projects.

Generic simulation,
programming and control

Multi-physic simulation

Power system simulation

Communication system
simulation

• Matlab/Simulink
• Visual Studio 2008
• LabView 2009

• VirtualTestBed2009
• Open Modelica and
SimForge

• PowerWorld

• OpNet

Technical Equipment

teaching
ACS offers the following classes:
Automation of Complex Power Systems:
This class gives the student the chance to learn the most
important standards for Power System Automation. It
starts with an introduction to the basics of Power System
Automation before covering the fundamentals of Protection Systems and their Automation. Historical backgrounds
of Distribution Automation and a closer look to its Control
Functions are discussed.
Automation in a Distributed Generation environment as
well as the Feedback Control structures for Distribution
Automation are also covered. The class focuses mostly on
current technologies. Basic elements of Dynamics are introduced and analyzed with reference to the stability of modern Power Systems. Analysis of technologies will be done
with tight connection to current industrial practice.
Power System Dynamics:
The class covers the principles of Power System Dynamics.
It starts with a review of the fundamentals of the modeling
of the most significant network components. The students
will learn the typical categories of Power System Transient
behavior and how to relate these to Control Theory. The
course covers Steady State Classical Analysis as well and
Electromagnetic Phenomena. It looks at Small Disturbances
for Unregulated Systems and Regulated Systems. For large
disturbances Transient Stability and the Lyapunov Method
are investigated. A special focus is on Wind Farms and the
related Dynamics. The aspect of Voltage Stability and Frequency Stability will round up the class.
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 students of this class
learn the applications of Measurements in Power Systems.
The course will look at the basics of Uncertainty Propagation in Measurements as well. Furthermore, Distributed
Measurements and Distributed Intelligent Systems in Power Systems are addressed. Besides looking at the Measurement Chain in general the concept of Phase Measurement
Units and State Estimation is investigated. Agent-Based
Control and Agents in Power Systems are additional topics
of the class.
Modeling and Simulation of Complex Power
Systems:
The class presents the most typical Simulation Techniques
utilized in the simulation of modern circuits and systems.
The modeling of large size systems is discussed in detail
analyzing modern concepts that allow the simulation of
Power Systems with hundreds and possibly thousands of
nodes. In this course the students learn the fundamentals
of Solver Structures. Furthermore, an introduction to Simulation Languages is also given. The impact of Uncertainty in
the simulation process is addressed as well with reference
to modern mathematics such as Polynomial Chaos. Main
topics of the course are Nodal Coupling, Resistive Companion and State Equations based simulation, Multi-Physics
simulation, Large System Analysis and Uncertainty based
simulation.
Low Carbon Energy Conversion Systems:
The course offers the students the possibility to have a comprehensive look at Energy Networks. This includes Electricity Grids as well as Gas Grids. Energy generation, storage,
transfer and usage in and in between the two grids are addressed. The class covers the different locations for natural
resources and their limiting factors. It looks at the possible
conversion system topologies and gives a summarizing
comparison. The usage of CHP systems, CCS technology, Renewables and Biogas Production are the main focuses of
the course. Layouts of the grids and possible future adaptation to those systems are also discussed.

Teaching
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Hardware-In-The-Loop Testing using a Digital RealTime-Simulator in connection with a Grid Emulator
The main concept of Hardware-In-The-Loop (HIL) Testing is the
replacement of parts of a physical system with computational
models. The simulated parts must be computed in real-time to
operate in seamless connection with the physical equipment.
HIL testing can be done at signal level or at power level.
Signal Level HIL is primarily used to test system controllers
and is not demanding from the hardware standpoint since
only signal coupling between the real-time simulator and the
hardware under test is needed. In this kind of HIL testing, the
controller board and the control algorithm are tested and the
rest of the system (power electronics, machines, mechanical
loads, etc.) is simulated in a real-time environment.

process of implementation at the E.ON ERC. For power levels
up to 25kW the HIL set-up will be located within the ACS Simulation Area, while the ERC test-hall will offer the possibility to
test equipment up to 5MW.
The Grid Emulator comprises an active front-end (AFE), a DCbus and a 4-leg inverter. The AFE and the inverter are connected through low-pass filters to the grid and the device under
test respectively. The 4-leg inverter is capable of creating a
3-phase AC system with variable neutral point, a 1-phase AC
or 1 DC system.

Power Level HIL is used, in power system applications, to test
physical power devices, like electric drives, power converters or
any other piece of equipment to be connected to the electric
grid with the simulated model of the grid.
The connection between the simulator and the devices under
test is realized through a power electronic interface which converts the signals of the simulation results into power at the
terminals of the connected device under test. This way, real
power is virtually exchanged between the real-time simulation
software and the actual equipment tested. The key element in
this type of simulation is the simulation/hardware interface. By
nature this interface introduces errors and delays which may
lead to inaccurate results or, in extreme cases, severe instabilities. Therefore, the interface is to be build to support the demanding dynamics of the simulated system.
In all cases real-time simulation of power electronics is a challenging task and requires significant computational resources.
ACS has a multiple-rack set-up of a Real-Time-Simulator (RTDS)
configured for Signal-Level and Power-Level HIL Testing. The
interface for the power level is realized by a Grid Emulator
based on a power converter. There are two power ranges in the

HIL and PHIL

Fig. 1: Grid Emulator overview
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Integrating detailed wind distribution in wind farm
simulation
The layout of wind turbines towers greatly impacts the
amount of energy that can be produced by a wind farm. A
simulation tool is needed to optimize the tower layout and
for maximum energy extraction.
To achieve optimal wind farm layout it is essential to perform an accurate fluid dynamic simulation that yields the
effects of the mutual interference of wind turbines and of
geographical obstacles. In fact, these interferences, besides
the turbine itself, can modify the wind flow with a significant impact on the energy production. In a modern wind
farm more than 200MW can be produced, and this implies
that increasing the overall efficiency of even only of a fraction of a percent produces a large gain in energy production, and thus on annual revenues.
Through a fluid dynamic study it is possible to compute,
with good accuracy, the wind speed in each point of the
wind farm and thus to determine the maximum power
available in each section. The influence of one wind turbine
on the others depends on several factors, the most important of which are distance related to turbine radius, rotating
speed and wind flow characteristics (laminar or turbulent).

accurate prediction of the power output; by modifying the
orientation and the layout of the wind farm efficiency may
be improved.
A really important point in this project is the integration
of our software with the geographic database, ArcGIS. This
way we will be able to simulate the real position of the wind
farm using geographical and topological information from
ArcGIS software.
Another important aspect of this project is the opportunity
to integrate the results of this tool with the electrical behavior of the wind farm from a real-time simulator implemented on a DSP cluster. Using the wind distribution calculated with the fluid dynamic software as input for the DSP
cluster, we will be able to simulate with great accuracy the
behavior of the wind farm depending on geographical aspects and on the tower details.
We believe that integrating this tool in our wind farm simulator will provide a unique facility of industrial interest for
analysis and testing.

A typical spacing layout for wind farms is three to five rotor
diameters apart in the direction perpendicular to the prevailing wind, and four to eight rotor diameters apart in the
direction of the prevailing wind, to minimize the adverse
effects of interference. With this project we aim at creating
a tool that allows the assessment of different layouts and
utilizes a stochastic process to identify the optimal solution
to maximize energy production.
In the fluid dynamic study we use the typical aerodynamical
approach, to compute the torque at each shaft and maximize the accuracy of the simulation. Using a wind atlas and
validated wind measurements it is possible to obtain an

Fig. 1: Wind farm layout
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Real-time simulator for wind farms
To analyze the impact of wind farms on the grid, real time
simulation is an important tool. ACS and PGS are working on
the development of a real-time simulator for off-shore wind
farms yet applicable to a variety of distributed generation
systems.
Currently large wind farms seem one of the best options
to produce significant amounts of energy through a renewable source. A big effort has been put, by academia and
industry, in developing new solutions for wind turbine generator systems and their interconnection with the grid. Now
wind energy is becoming a significant share of the energy
balance, thus one enabler of further development is a tool
to evaluate in real time the impact of large wind farms on
the network, in particular to analyze management, stability
and reliability issues.
The goal of this project is the development of the hardware
and software infrastructure that allows for the real-time
simulation of large wind farms, with particular reference to
off-shore wind farms.

We plan to include the models of the wind towers in the
model of the wind farm, thus yielding reliable simulation
results from the turbine level down to the switching converter details.
In order to achieve such high model complexity, we plan to
exploit extensive parallel processing capabilities. The main
idea is to develop a dedicated DSP cluster where each processor represents one single tower. The whole wind farm
on multi-processor platform is then connected to the grid
simulator (RTDS) with a simple connecting model that represent the HVDC link between the off-shore wind farm and
the main land.
It is important to point out that the infrastructure developed in this project may be used in the future for the simulation of any other distributed energy source (e.g. large installations of solar panels with their converters) and thus
it can be considered a critical contribution in the study of
complex power systems.

At E.ON ERC we are developing this unique capability for
testing the control systems of wind-farms and their impact
on the electrical grid. This capability can be used for research purpose (development of new control strategies) or
for certification purpose (testing of real equipment before
it is installed and connected to the grid). For example, this
facility would enable the assessment of the compliance of
custom control box of a wind farm with the grid codes.
In particular, we aim at becoming a reference center for
industry to test control equipment for wind farms before
installation and connection to the grid. Thanks to the adoption of real-time simulation and Hardware in the Loop (HIL)
technology, we will be able to test real hardware rather
than just a numerically simulated model.

Fig. 1: Wind simulator structure
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METERING AND MEASUREMENT FACILITIES AS ENABLING
TECHNOLOGIES FOR SMART ELECTRICITY GRIDS IN EU
The main objective of this study is to better understand the
present situation with regard to the deployment of the measurement infrastructure in the electric power grid in Europe.
This study was completed in collaboration with the Institute for Future Energy Consumer Needs and Behavior (FCN)
of the E.ON ERC for the Sectoral e-Business Watch (SeBW)
project launched by the European Commission. A written
report was delivered to the sponsor.
The report focuses on the distribution section of the electrical power grid at medium and low voltage level which
is undergoing fundamental changes and thus requires new
advanced measurement methods and infrastructure. In this
report the technical and engineering aspects are covered
by ACS, while business- and consumer-oriented aspects are
covered by FCN.
Smart Metering at the low voltage level combined with
modern two-way communication technologies could provide a wide range of useful information to facilitate Demand Side Management (DSM). Current roll-outs of Smart
Metering in EU regions are limited to basic functionalities
so that the Smart Meters are not really “smart” yet. The lack
of interoperability standards also hampers a further deployment on a larger scale. Furthermore, concerning the calibration issue, a remote calibration procedure with well-defined
hardware and software architecture is a potential solution
for the new smart meters.

Telegestore of Enel in Italy. Telegestore is a complex system
composed of different inter-communicating electronic devices such as electric meters, data concentrators, central
systems and operative centers. The data collection is established through public GSM networks with cryptography
systems. So-called Smart Info devices are also installed to
provide the customers with indoor energy services in a well
structured and standardized way.
The second case study addresses the problem of choosing
the optimal number and position of the measurement devices needed to perform DSE at medium voltage level. The
solution is searched by solving an optimization problem, to
guarantee the minimum cost and the estimation accuracy
needed for management and control purposes at the same
time.
The study team would like to thank Prof. Carlo Muscas, University of Cagliari, Italy, for his valued feed-back, comments
and contributions to this report.
Reference of the Report
R. Madlener, Liu, J., A. Monti, C. Muscas & C. Rosen. (2009).
Metering facilities as enabling technologies for smart electricity grids in Europe, Special Study No. 01/2009, Sectoral
e-Business Watch, October.

At the medium voltage level, distributed state estimation
(DSE) is required and it is enabled by advanced electronic
equipment such as Intelligent Electronic Devices (IEDs) and
Phasor Measurement Units (PMUs). To this end, distributed
measurement systems with ad hoc solutions are required
for reliable procedures of state estimation starting from a
limited number of measurements. Finally, a universal standard including high accuracy synchronization of networked
equipment and communication systems is also needed.
Two case studies are also presented in the report. The first
case addresses the largest smart metering roll-out, the

Fig. 1: Consumers/Producers are changing the needs of
electrical distribution infrastructure
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Hardware in the loop test bed for home
energy systems
The goal of this project is the design a new Hardware In the
Loop (HIL) test bed to analyze new home energy systems in
a simulated environment with various home structures, user
habits and grid connections. This test bed represents an innovative platform where electrical and mechanical engineering questions can be answered in an integrated manner.
Future homes need active energy management and advanced heat generation processes, as electrical heat pumps,
gas heat pumps or combined heat and power generation
units. A smart energy control on the demand side as well
as on the electrical grid side will be one of the key technologies to decrease the total power consumption and
to equalise load profiles on the low and medium voltage
grid. Compared to a standard home with a gas boiler, advanced energy management and heat generation systems
are more complex in terms of their transient performance,
coordination and efficiency.

In this project we will develop a new Hardware in the Loop
(HiL) test bench, to close the gap between field studies and
lab experiments. All the essential parts of a new home energy system will be tested in real hardware form. The missing parts of the system, that is, the building, ground sources
and the grid connection, will be emulated with advanced
simulation models and fast control equipment. The simulation software is an in house developed tool based on the
Modelica language. The HIL approach can reproduce the
typical load profile of a home including all feedbacks from
the system, in a safe and controllable lab environment.

Heat pump systems provide a high coefficient of performance that may help decrease the demand of electrical
energy or gas. Combined heat and power generation units
may provide electricity and heat accounting for both heat
demand profile of the building and electricity demand.
These decentralised energy units need a smart control and
active management of storage capacity. Field studies, including a large heat pump field study of E.ON Energy AG,
have shown that the in-situ performance of complex heat
generation units depends on the dynamic load conditions.
Thus, standard steady state test procedures can not predict
the overall system performance satisfactorily.

Fig. 1: HIL for home energy system
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Collaboration ACS-SIT for secure microgrids
Microgrids with local generation, energy storage, load control and the possibility to operate with grid connection or in
islanding mode are under consideration as viable solution
for distributed generation and control of low voltage power
distribution. In this framework cyber-security and communications are critical aspects of the design and operation. The
collaboration between ACS and Fraunhofer SIT Institute provides and environment where the necessary competences
can be well integrated.

suitable for incorporating vehicles which as moving parts
continuously change the topology of the loads of the distribution grid.

The unbundling of power systems and the emergence of
electricity markets encourages the deployment of Distributed Generation in electricity networks. In this framework,
Microgrids appear as a viable option. These low-voltage distribution networks, comprising energy storage-devices, micro-generation units and controllable loads, can operate in
interconnected or islanded fashion as one controlled entity.

During this work SIT and ACS agreed to offer joint Master-/
Diplomthesis to interested Students and the first topics are
published on the websites of the Institutes involved.

The cooperation ACS-Fraunhofer SIT was initiated with an
EU project proposal with a strong partner group. This first
piece of work was followed by a project proposal submitted
to BMBF which features decentralized control, security and
communication.

The fruitful partnership between SIT and ACS has also
quickly resulted in the submission two papers to be considered for publication in the Proceedings of one ACM and one
IEEE Conference.

The local control in microgrids introduces new needs and
specifications for communication. In particular, a large portion of the communication infrastructure is moving from
the physical control of the utility to the customer, thus being
potentially exposed to an insecure environment.
To address this issue in a comprehensive way, we started
a cooperation with Fraunhofer SIT Institute. Part of this
cooperation is focused on the design of a multilayer decentralized control architecture for smart grids, that emphasizes security and trustworthiness as a specification.
In this segmented grid many distributed energy resources
have intelligent capacities, are capable of local decision
making and may be implemented as multi-agent systems
(MAS). Furthermore, all future Smart Grid visions must account for E-Mobility, and this problem is addressed by us
through the collaboration with a project partner which has
a strong expertise in location based services. The MAS technology allows for reconfigurable networks and is therefore

Fig. 1: Interconnected microgrids
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Co-Simulation for Analyzing the Impact of the Communication Infrastructure in Power System Control
The communication infrastructure has an increasing role in
power systems. The feasibility study, the design and operation of innovative technologies for distributed control, measurement and protection require the integration of tools for
communication with the other modeling and simulation
tools currently in use.

implies that the Simulink execution is integrated into the
event-based OPNET simulator, as a periodic event. OPNET
communicates with Simulink via the Matlab engine.
The conclusions of this experience are the following:
1.

Computer based protection, distributed measurement and
control for fast reconfiguration of power systems require
high performance communication infrastructure. Its impact
on the operation of the system is to be analyzed and should
become part of the design problem and a fundamental step
in the feasibility study of the technologies for the future
power systems. For this purpose, a suitable simulation environment is to be developed so that the behavior of physical
components, together with the control at system and device level and the communications can be analyzed.
Various co-simulation architectures are under consideration
for this purpose, particularly to support the design of protection systems for Medium Voltage DC (MVDC) power distribution in a ship-board application. In this work, three simulation platforms are integrated to achieve co-simulation:
OPNET for the communication system, VTBPro for power
system components and connections, Simulink for the control system. OPNET, a commercial tool, offers the option to
define new models in the C language. Leveraging on this
feature enables co-simulation.
Five different co-simulation architectures have been considered in this project. They are based on various combination
of two or three of the aforementioned tools that are interfaced at various levels. A preliminary comparison based on
the expected computational burden of the co-simulation
interfaces and on the flexibility of the co-simulation environment has been performed. The architecture that uses
an ad-hoc OPNET model to periodically step Simulink has
been thoroughly analyzed and tested using the MVDC ship
power distribution system as a case study. This solution

2.

The simulation performance is acceptable. The computational burden is heavy only when the interaction
between the three tools is in the microsecond range.
The major challenges arise from the limited possibilities for debugging. Whenever VTB or Simulink encounter a simulation problem (convergence or other numerical issues such as algebraic loops) the OPNET tool
crashes and it is nearly impossible to tell which of the
tools was the cause.

The other four architectures present two options for the
OPNET interface. The first consists in interfacing VTB with
OPNET via COM interface. The second requires the code
generators of VTB and Simulink to generate C code that is
compiled into executables. The interface with OPNET is then
developed at very low level, with a direct call into the VTB
solver. The latter option is by far the best in terms of computational speed, but it is the worst from the point of view of
flexibility in modified the simulation scheme.

Fig. 1: Schematic view of co-simulation with
OPNET
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Agent based control of power electronics systems
The integration of agents in the control system to support
distributed autonomous operation of power routers and
loads is seen as a powerful approach to the solution of energy management issues, on terrestrial as well as naval systems.
Agents are a potentially powerful framework for implementing distributed and delocalized control architectures
for the coordination of monitoring and actuation devices in
power systems.
Of particular interest in the research projects at ACS, are:
load management, including load shedding and gentle performance degradation, and energy routing, particularly in
power distribution systems equipped with energy storage
and power conditioning devices.
The system under consideration for a preliminary study of
the capabilities of multi-agent controls comprises a set of
multi-functional PEBB converters (Dr. Ginn, MSU testing
platform). The converters are bi-directional and capable of
operating simultaneously as load feeder or DC bus feeders,
power quality correction active filters, in particular capable
of transferring energy back from their secondary side storage to the distribution system.

Objective of the control strategy is the deployment and
loading of the converters according to criteria that achieve
system level objectives in terms of load support and power
quality. The control decisions are not taken in a centralized
manner, instead they are taken individually by each converter controlling agent for itself, based on knowledge of local
operating conditions and part of the global operating conditions. A preliminary approach was implemented in form
of bidding. These agents are collaborative in nature. They
bid their current capacity, which is determined accounting
for physical limitations and current utilization, and possibly
knowledge of upcoming tasks. One of the agents, chosen as
the broker, launches the bidding process, supervises it and
determines the winners. This results in a one-shot decision
that may generate iterations if the control objectives are
not achieved. More advanced methods are currently under
consideration to fully exploit the natural distribution of the
agent architecture.
Finally, agents are under consideration for power distribution solutions that incorporate the vehicles in a widespread
E-mobility scenario.

Fig. 1: Agents in control of PEBB converters exchange messages with the
broker
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Decoupling power system state estimation
To guarantee the safety and efficient operation of a power
system, reliable monitoring and control have to be implemented. In such framework, state estimation, used to compute the state of the network based on measured data, is
used to support decision making towards control actions. On
one hand, the centralized state estimation of a very large,
complicated network, though, is computationally very demanding. On the other hand, local data processing may be
preferable for faster reactivity. To address these two aspects,
the decomposition of the state estimation problem is investigated in this project and addressed with a new approach
to decoupling.
In modern power grids with wide dispersion of distributed
power generation and electronic power converters, complexity has grown tremendously. Traditional state estimation, part of the centralized control system, is now inadequate to manage such large scale systems. Furthermore,
classical state estimators are based on static or quasi-static
system models and do not seem to be easily adaptable to
power systems with fast dynamics.
In previous work we proposed and validated a novel approach to decentralized state estimation with reference
to application in electric ships with fast dynamic characteristics of the power distribution. This proposed solution,
based on the partitioning of the system into sub-networks,
involves several decentralized estimators based on information filters delocalized throughout the network (Decentralized Information Filters, DIF). Each of them estimates
the state variables of the system based on measurements
and on the dynamic system model of the power grid. Then
these data are exchanged via communication links in order
to assimilate information computed by other estimators.
The use of a dynamic model allows for the relaxation of the
redundancy condition on the number of measured data as
compared to the classical state estimator. Furthermore, it
increases the reliability of the estimation against failure of
measuring equipment and data communication channels.

A problem that emerges from the experimental validation,
concerns the execution time of the decentralized estimation and its scalabillity. Since each decentralized estimator
must communicate with all the others and then assimilate
the information matrix, the duration of the estimation process depends on computational and communication time,
which increases significantly with the number of state variables to be estimated.
In this project a novel approach to the reduction of the execution time of the DIF is proposed. For this purpose, the
transmitted state information of each sub-system is restricted to selected state variables with strong coupling.
Instead, the relationship with weakly coupled variables is
neglected, without affecting the estimation results significantly. This way, the computational effort and the amount of
exchanged information are both reduced.
The selection of strongly coupled state variables is done via
a stochastic process which evaluates the sensitivity of each
state variable to the others in different sub-networks.

Fig. 1: System used for preliminary test
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Integrated Simulation of Communication,
Protection, and Power in MVDC Systems
The protection of multi-branch Medium Voltage DC systems
(MVDC) is a challenge both in terrestrial and naval applications. The use of different operating modes of the controller
of the converters that feed the DC bus is explored in this
work.
Leveraging on the well established technologies of twoterminal (single-branch, end-to-end) high-voltage DC systems, does not address the issue of avoiding the isolation of
healthy areas and possibly vital loads and buses. This work
aims at developing a strategy that limits the effect of the
fault while maintaining the supply to some of the loads. An
enabling technology for protection of MVDC is the availability of modern dc circuit-breakers that in combination with
intelligent relays, can allow for the independent protection
of each zone of a system thus yielding fast detection and
isolation of faults. The performance of the protection system can be made more flexible using PEBB converters to interrupt or limit fault currents. In this work, the control of the
converter swaps from voltage control mode, used in normal conditions, to current limiting mode, used in suspected
fault conditions. The operational mode and parameters are

decided at system level. This technique requires fast communication between sensing, control, and power devices,
therefore the simulation environment that supports design
must seamlessly integrate power, control, and communication models. For this purpose, a platform that integrates VTBPro, Simulink, and OPNET has been developed.
Preliminary testing has been performed by simulating the
behavior of naval distribution system during the occurrence
of a fault. In particular, the analysis is focused on the control of one of the DC/DC buck PEBB converters that feeds
one of the two main DC buses during the occurrence of a
short circuit. During the test, healthy and faulty conditions
are simulated. First the voltage control brings the system
to the nominal operating condition, maintaining it for some
time. Then a fault occurs, determining an abrupt rise in the
current value. The system level detection of this occurrence
results in a communication to the converter requesting control reconfiguration, from voltage control to current limiting
control. The converter implements the change thus effectively limiting the fault current.

Fig. 1: VTBPro model of ship power system used in simulation; functional zones numbered
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Combining Latency Insertion Method with traditional
simulation methods for large systems analysis
Standard techniques for simulation, like resistive companion
or state equations, are not fast enough for real time simulation or for an efficient design process of very large and
complex systems. Within this project we are developing a
new approach to simulation that, combining standard techniques with a finite difference method, allows for a significant decrease of the simulation time and for the distribution
of the computation on multiple processors.
Real-time simulation of power systems has recently become
a critical issue. Real-time simulation and hardware in the
loop techniques, are increasingly required for testing the
controllers of complex power systems, particularly control
of power distribution in terrestrial and naval applications.
In these environments reliable, realistic assessment of the
performance of new control equipment prior insertion in
the system assumes primary importance.
Most of the available simulation software is not fast enough
for real time simulation of very large systems. To shorten
the elaboration time according ot the demand, it is necessary to find a method that simultaneously reduces the computational effort and permits the execution on a distributed
platform.

tency introduced by inductive and capacitive elements introduced ad hoc in the simulation scheme. A limitation of
the LIM is that the latency insertion may not be suitable for
every portion of a system, because it requires a particular
topology. If the topology allows for loosely coupled sub-networks, then the network can be divided in zones, and each
zone can be solved using resistive companion or state equations. The results, obtained solving each zone independently, are then used to create an equivalent current generator
for the LIM solver. The LIM solver simulates the connection
between the different zones. Even if with this solution the
inversion of matrices is not completely avoided, the division
of the network in smaller portions reduces significantly the
overall computational cost.
The network in figure, divided in five zones, was used for
preliminary tests. The results obtained so far are really
promising: the computational time is reduced up to a factor
of twenty while the error that never reaches 1%.
Currently we are working at the implementation of a solver
based on Modified LIM on shared memory architecture,
thus leveraging on the great computation power of this architecture.

The Latency Insertion Method (LIM) is a finite difference
formulation with these characteristics. LIM exploits the la-

Fig. 1: System under test
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Sensor Validation via Polynomial Chaos for
Distributed Monitoring of Power Systems and
Electrical Drive control
The purpose of this work is to improve the reliability of multisensor systems through the validation of sensor health
status and the replacement of bad data with credible estimates. Polynomial Chaos Theory (PCT) is here adopted for
sensor failure detection and reconstruction of missing data
from failed sensors.
The PCT based technique used for sensor failure detection
and data reconstruction is applied to two areas: closedloop control of electrical drives and decentralized state
estimation of power systems. The proposed technique, incorporated into real time monitoring, uses propagation of
parametric uncertainties onto the measured variables to
determine the probability distribution of sensed data and
thus acceptable ranges of variation. Data outside this range
are interpreted as originating from a faulty sensor, thus discarded and replaced with simulated data.
The first case study is the control of an induction machine
which should survive to the failure of current sensors. Under the assumption of parametric uncertainty of rotor re-

sistance, the boundary values of the currents are computed
with PCT. This information is then used to assess the status of the sensors by assuming that the sensor is likely to
be defective if it yields current measurements outside the
boundaries. Furthermore, in case sensor failure is detected,
the measurements of the faulty sensors are replaced with
values computed in real time.
The field-oriented control of the induction machine is modified with the insertion a sensor validation (SV) module, as
shown schematically in figure. Simulation and real-time experiments demonstrate a good performance of this strategy.
The application to the distributed state estimation of power
systems is currently under development for shipboard power systems.
Finally, fuzzy logic is under consideration in support of the
decision-making procedure of declaring the failure of a
sensor.

Fig. 1: Sensor validation module integrated in the controller
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Model level selection based on stochastic
representation
System level design of power systems can be effectively supported by the use of dynamic simulation. For large systems
with complicated individual models, though, simulation can
be too time consuming. One approach to address this challenge consists in leveraging on multi-level individual models
to minimize the computational effort by using, time by time,
the minimum resolution needed for each model.
The simulation solver should autonomously choose the right
representation level depending on the simulation objectives.
Simulation analysis in support of power system design is
becoming more and more challenging. In fact, on one hand,
the steady-state assumption is not satisfactory anymore in
next generation terrestrial power systems, where distributed, small scale generation and automation may be pervasive. On the other hand, in naval and avionic systems, the
analysis of dynamic behavior may allow for avoiding oversize components and consequent size and weight issues.
Furthermore, these systems are complex due to emerging
behaviors that make it impossible to derive the global behavior as composition of individual behaviors. Finally, from
the operative point of view, the interdisciplinary nature of
the design problem calls for experts from different fields to
work at the details of different portions of the system while
preserving a coherent unifying picture. All these factors are
challenges at system integration level and result in heavy
demand to the simulation environment, which should guarantee the level of detail necessary for the design of the
individual sub-systems without excessive, time-consuming
details in the other sub-systems. This different granularity
should be automatically set, since the individual designer
can not be expected to manually set it for all the models,
especially those outside his/her area of expertise. For these
reasons, the simulation needs a systematic approach to
model selection.

This work is focused on the definition of a method that,
starting from the specifications of the analysis that is to be
executed, yields the right resolution for the various components of the scheme. In particular, we propose a stochastic
approach to represent the difference between model layers.
This difference can not be represented just for a specific operating point but must be determined over the entire range
of scenarios in which the component could be used. To
reach this goal, each model layer is defined as a stochastic
process where the inputs that define the various operating
points are stochastic variables. For every possible operating
point, the component is preliminary dynamically excited to
evaluate the behavior of each layer under the given condition.
The stochastic model is then analyzed by means of a collocation method. This is a technique that leverages on the
assumption of smoothness of the solution to achieve fast
convergence for the computation of differential equations
with random input.
The results of the collocation analysis must be then synthesized in a function that captures the difference between
pairs of layers.

Fig. 1: System used for preliminary test
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Reconfigurable Networked Controllers
This work aims at assessing the feasibility of controllers that
perform their function over the network and that can be
reassigned to a different controlled system if needed, thus
realizing a reconfigurable control system. In this system communication delays may cause instabilities and their impact
must therefore be verified a priori and accounted for in the
control design.
Fully controlled power distribution should survive and ride
through faults, power unbalances and operation in emergency conditions. This is made possible by fast and robust
reconfiguration capabilities, applicable to both power delivery and control functions. With reference to the system
in figure, control reconfiguration refers to the reassignment
of each pair of controller-controlled system. The controlled
systems are PEBB converters in this case. In this project the
analysis of the impact of network delay in the networked
control system is performed and an optimal control approach for dealing with its adverse effect is proposed.

Fig. 1: Network based control structure

In the case study, one controller and one PEBB converter
are considered for validating the assessment of delay impact and the performance of robust control. The slow dynamic closed-loop controller operates through the network
connection, while the fast dynamic controller runs locally
at the PEBB hardware site. In general, in case of software
or hardware failure of one of the multiple control stations,
another control station can take over.
In this research work, Polynomial Chaos Theory (PCT) is used
to model the uncertain communication delay, assess its impact, and design an optimal controller that is robust to the
delay effects. A network-based controller for closed loop
control of an induction machine was adopted as case study
and designed based on the PCT analysis. Stability analysis
was performed and the system was tested in a hardware
setting yielding promising results.

Fig. 2: Delays in closed loop network-based control
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FPGA-Based Real Time Power System Simulation for
Power Electronics
Aim of this work is the developmentof an expandable, real
time simulator for power systems.
Real-time simulation of power distribution systems represents a challenge for several reasons. In first place, in
advanced applications, power distribution networks are
modeled as large-scale dynamic circuits that require time
consuming matrix inversion to solve. In second place, small
simulation time steps may be required for accurate results.
In this project we investigate the use of platforms with multiple FPGAs for the simulation of large-scale power systems
in real time. A Parallel Latency Insertion Algorithm is used,
based on the Latency Insertion Method. The node voltage
vector and the branch-current vector are computed alternatively in time domain. Each voltage is dependent only
on the voltage at the last time step at the same node and
the current at last half time step at nearby nodes. The dual
holds for each current. With this technique it is possible to

divide the circuit into sub-circuits. The exchange of voltage
and current values among nodes is performed only at the
interface between sub-circuits. Each sub-circuit is simulated
on one FPGA board, which is one element of a multi-FPGA
cluster. In our project, the hardware consists of two FX-12
FPGA evaluation boards that are connected through a 280
I/O pins AV bus, and can communicate with the PC through
a 50 pin cable. With reference to the figure, the board on top
receives real time signals from the PC and triggers both FPGAs to start calculating. The bottom board sends the output
signals back to the PC when the calculation is completed.
The preliminary results of the simulation of a 100 node
power system network shows that simulation time steps
of eight microseconds are feasible. Compared to traditional
microprocessor based simulators, the multi-FPGA platform
enables the analysis of large networks with time steps less
than a millisecond.

Fig. 1: Two FPGA board cluster
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Self-Adjusting Simulation
The use of multi-physics, multi-formalism simulation environments for design support of large, complicated systems
leads to new challenges in the simulation set-up. The simulation solver should be capable of self-adjusting model representations at best for the given simulation objectives. This
work addresses the type and format of information to be
attached to the model for this purpose.
In system integration simulation, the limited expertise of
the user in some areas, the large number of components
and the availability of multi-level multi-resolution models
concur to make the set up of the schematic a difficult task.
Furthermore, in such environment, the trade-off between
duration of the simulation and accuracy of the results is
critical and dependant on the objectives of the simulation.
In this project the trade off between speed and accuracy is
achieved by using, for each component, the simplest available model that still guarantees, at global level, the most
accurate simulation needed based the design objectives.
Methods based on time step, step response and frequency
response are investigated for the purpose of level selection.

With the aim of decentralizing the level selection algorithm,
a unified information model is introduced to give a structure to the model information. The model of each component in fact includes, besides the mathematical representations at various levels of resolution, a documentation part,
that is, the information model.
The multi-level models are thus conceptually defined, and
constraints and applicability limits more easily understood
by the user. Through the information model, the simulator can automatically select the level of the component
to be designed according to simulation goals provided by
the user. The level of the models of the other components
within the simulation schematic, is selected via two approaches: a time step criterion and a pre-simulation test.
The time step criterion implies the selection of the model
that has the shortest time step compatible with the time
step of the component to be designed. Pre-simulation test,
instead, employs frequency response and time domain step
response of the simulated system. The least computationally intense models within the required accuracy are eventually selected.

Fig. 1: Connection of multi-level components
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Energy Efficient
Buildings and Indoor
Climate

Univ.-Prof. Dr.-Ing. Dirk Müller

Preface
The history of the Institute for Energy Efficient Buildings and
Indoor Climate has been started in October 2007. Starting
with three scientific employees transferred from my former
chair at the Hermann-Rietschel-Institute in Berlin we have
been able to increase the total number of staff members to
46 within the last two years. This process has been based on
the very dedicated work of our chief engineer Rita Streblow,
our office staff Doris Heinzel and Sarah Stracks, and the excellent support from our center administration. Last but not
least I would like to point out the committed work of our research associates, our software engineers and all student assistants. Due to my many different activities starting our new
institute, I was only able to provide very limited assistance to
all of you during the first two years. I therefore would like to
express my gratitude to everyone for their devoted efforts to
bring up our research work.
In August 2009 the E.ON Energy Research Center has moved
into a new office building. Now, our institute becomes more
and more part of a vital center structure. The direct neighborhood of all E.ON institutes is a good basis for a close cooperation with all of our colleagues from the electrical engineering,
geo science and economics faculties. Unfortunately, due to
the high work load of each institute, only few research topics
could be handled in a holistic approach as proposed by our
research center idea so far. But during the last two month we
have been able to start the first two interdisciplinary projects
funded by the E.ON gGmbH and a new industrial partner. This
kind of work provides a lot of new possibilities for us in the
areas of energy efficient buildings and energy savings.
After the completion of the experimental hall in the end of
2009, we have immediately started several new experimental
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projects. After two years of mainly theoretical and numerical
work I look forward to the first results from small and large
scale experiments. The experimental hall is characterized by
a design that allows flexibility in usage and the near future
will show, how well we can integrate several different experimental setups including room airflows, comfort studies, full
scale façade measurements and hardware-in-the-loop testing for advanced supply systems into our new test facility.
I am convinced using the new facilities of the experimental
hall will enlarge our knowledge in the field of experimental
sciences significantly! The accompanying planning efforts for
the experimental hall have been very laborious for our planning team members Tanja Osterhage and Alexander Hoh. Due
to the unreserved support of Geva Aschhoff from the RWTH
Aachen building and construction department most of our
wishes and ideas could be integrated into the design process.
The E.ON AG provided a large amount of money and guidance to establish the E.ON Energy Research Center at Aachen
University. As a part of the Center, the Institute for Energy Efficient Buildings and Indoor Climate is determined to refund
this investment in terms of research results, new education
programs and a challenging partnership. My thanks to all involved E.ON board members and Dr. Markus Ewert for being
helpful and patient in the process of setting up our new organization and the research structures. I hope that research and
education on building technology as well as indoor environment will be strengthened significantly by our institute both
nationally and internationally.

Energy Efficient Buildings and Indoor Climate
The research of our institute shall help to reduce the energy
consumption of buildings and to improve the quality of the
indoor climate. The energy-focussed parts of our projects
comprise heating and cooling power generation, thermal
storage systems, energy distribution and control. State of
the art supply systems can not be evaluated without taking the thermal behaviour of the building structure into account.
Both full scale experiments and advanced simulation methods are used to optimize existing supply systems and to
prove the advantages of new supply concepts. Unlike many
other energy approaches typically applied nowadays, our
institute applies an exergy-based analytical technology
which, in particular, involves sensible utilization chains for
energy conversion. This method enables a thermodynamically valid evaluation of the entire energy supply chain starting from global view on the energy conversion chain
extending down to the energy streams within a building.
For all approaches reducing the energy consumption of
buildings the research work has to address the quality of
the indoor environment in terms of thermal comfort and
indoor air quality. Energy efficient buildings shall provide
the same or even a better comfort compared to existing
buildings as well as a healthy indoor environment. In this
sense the word efficiency stands for compromising a low
energy demand and a high indoor quality standard.
Particularly interesting is the development of new concepts
for energy-efficient cities or communities. Since the building stock has to contribute a major part of the necessary
energy saving, it is obvious to improve both the insulation

of the building envelopes as well as the utilization of all primary energy resources. Combined heat and power generation and renewable energy sources will improve the existing building stock. The E.ON Energy Research Center offers
expertise in the fields of decentralized power generation,
geothermal energy as well as high efficient electronics.
In addition, we need to consider the demands placed by
people on their energy supply system in buildings. Which
technical solutions will they accept? How can users of buildings be induced to behave more energy-efficiently? 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 now fully redesigned main building of the
E.ON Energy Research Center will be a real full scale experiment – including more than one hundred skilled and critical
users – for a new type of supply system. The system is based
on a central heat displacement unit recovering internal
heat gains for heating and absorption based air conditioning as well as a decentralized heat recovery strategy. The
building is part of a new EU project serving as a benchmark
for advanced office buildings.
Finally, our new experimental hall has been finished at the
end of 2009. The test facility can host many different experiments including room airflows, a hardware-in-the-loop test
bench for heat pumps and a full scale façade monitoring
setup. The experimental hall will shift the work of our institute towards a good mixture of theoretical and experimental research.
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Technical Equipment and Laboratory Space
Up to November 2009 the experimental work of the institute had been very restricted due to limited laboratory floor
areas located in two different buildings. However, with the
completion of the experimental hall, all existing and new
equipment will be installed at one location and the experimental work will begin.
The new experimental hall will offer state-of-the-art test
facilities for the evaluation of room airflows and HVAC components. Further test benches will address research topics
related to aircraft and automotive cabin ventilation. One of
the major experimental projects is the power and emission
test bench for combined heat and power units (Mini and
Micro-CHP), heat pumps and chillers. One of the new features will be a new setup for hardware-in-the-loop testing.
This will allow “field studies” in a well controllable laboratory environment. This field of research includes a close cooperation with ACS and PGS to integrate grid-related tasks,
making this new total home energy approach unique. In addition, we will build a test facility for solar heating applications, different latent heat storage systems, a suspension
and emulsion lab, as well as a test facility for façade systems. A sorption-based system will be integrated into the
air conditioning system for the test facilities.
To enable the practical work at all the test benches, various
kinds of measurement equipment for the research areas of
fluid dynamics, air quality and thermal comfort are avail-
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Technical Equipment

able. This includes air temperature, surface temperature,
humidity, pressure, illumination, CO2, volume flow rate and
highly sensitive pressure sensors. The thermal sensation
and comfort measurement instruments are complemented
with a comfort sensor for measuring turbulence intensity
and omnidirectional thermal anemometers with wireless
communication enabling remote data logging.
A bi-directional Laser-Doppler-Anemometer (LDA) is used
for accurately measuring velocities and turbulence values.
By using a computer-controlled traversing mechanism,
measurements can be made in a precise matrix of points.
Entire flow fields can be analyzed with a Particle-ImageVelocimetry (PIV) 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. Moreover, air quality is measured with multigas sensors.
Beside experimentation, the themes of energy efficiency
and indoor room quality are simulated on a high-performance computer cluster hosted by the high-performance
computing group of RWTH Aachen University.

Teaching
Air conditioning technology

Seminar on Room Airflows and Indoor Comfort

Following an introduction in thermal comfort as a primary
aim in the field of indoor climate control, this 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 air-water systems. The
final section is devoted to energy optimization and evaluation.

This seminar addresses actual topics on ongoing research
projects in the areas of room airflow and indoor comfort at
a doctoral level. Each seminar starts with a presentation of
ongoing or finished projects followed by an intensive discussion.

Diploma Theses
Raúl Latorre Rodrigo: Evaluation, planning and design of a
solar test bench facility

Energy Economics
The first part of this lecture is focused on the rational conversion and use of all primary energy resources. The second
part involves a detailed analysis of different energy services
as well as home and industrial energy systems. Based on
thermodynamic equations, optimization strategies are discussed in terms of energy and exergy measures. The third
part of the lecture combines the findings of the thermodynamic analysis with economic aspects. Based on capital
costs, different investment strategies for energy systems
are compared. Finally, the costs of emissions including trade
models for CO2 are discussed.

Nina Kopmann: Measurement for the determination of the
velocity field in a fan
Paolo Schmidt-Holzmann: Thermodynamic modelling und
simulation of the working fluid circuit for a heat pump
Stefan Brandt: Design of a user interface to visualize largescale data

Study Theses
Juliana Trockel: Modelling and simulation of a solar collector
for the heating support

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

Sarah Frauholz, Victoria Erfurt, Ivan Fast: Examination of a
generic room geometry using numerical flow simulation

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

Teaching
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Design of a New Experiment for Transient Room
Airflow
Thermal comfort and the ventilation effectiveness are important aims in the construction of modern supply systems.
Both targets depend on the distribution of local temperatures and velocities of air in a room. In a new experiment,
the modelling processes in room airflows are examined experimentally.
Thermal comfort and the ventilation effectiveness are important aims in the construction of modern supply systems.
Both measures depend mainly on airflow structures. The
transient behaviors of these structures have been investigated only marginally until today. Moreover, for detailed
computational studies the boundary conditions of many
experiments have been documented insufficiently. A new
experiment ought to provide new data of the transient behaviour of large-scale flow structures in ventilated rooms.
In a mixed convection, transient room airflow structures
arise at higher internal thermal load levels. For better understanding the airflow structures an experiment is conducted in a new room air-flow test chamber. The chamber is
3 m high, 4 m wide and 5 m long. An accurate assembling of
the experiment guarantees constant boundary conditions
for a long period of time. The air supply is located in the
ceiling; the outlet air leaves the room at the bottom zone.
Moreover, special slot diffusers are used as inlets in order to

provide well-defined wall jets. The thermal loads are realized by electrically heated cuboids. All walls are made of
aluminum to minimize radiation heat transfer effects.
All boundary conditions of the experiment are identified
during an experimental run. Hence, necessary data is generated for the following numerical calculation of the airflow.
The temperature and the volume flow rate of every supply
air jet are detected separately. The velocity in the near of
the inlet is measured with a Laser-Doppler-Anemometer.
Furthermore, the velocity field in the room is measured with
the aid of omni-directional anemometers in a rectangular
grid. These sensors collect the speed of the local velocity
vector. The main focus of these experiments is to capture
transient airflow structure effects. Therefore, each particular measurement lasts approximately 30 minutes at each
position. The sensors are positioned automatically in the
testing room with a traverse. Two optical measurement processes will be used for the structural identification of the
flow. One system is used to collect data of two velocity components in a plane, and the other one is 3D Particle Tracking
Velocimetry to measure large-scale coherent structures in
convection flows.
We gratefully acknowledge the German Research Foundation for its financial support.

Fig. 1: Visualization of the supply air jet
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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. A good evaluation and control of the indoor
climate needs an adequate measurement technology for
one to estimate the average indoor conditions in both field
and laboratory studies. In practice, comfort measurements
in buildings are very difficult because of inhomo¬geneous
conditions and varying boundary conditions. Rating buildings in terms of energy efficiency and comfort requires a
robust method for comfort field studies.

work to send data regardless of their placement. We have
adapted low-power communication protocols and time synchronization protocols in TinyOS.
Using a radio network leads to special requirements for
the sensors. Some of the specified data for comfort measurements such as of air temperature and humidity can be
handled directly by commercially available hardware. New
sensors are needed to access air velocity, radiation temperature and indoor air quality as well as detailed data on
lighting parameters. All sensors have to be inexpensive and
as energy-efficient as possible in order to enable long-term
measurements on a limited battery capacity.

The aim of the project group (TU Berlin, RWTH Aachen University) is to develop a new wireless sensor system capable
of measuring temperature, humidity, air velocity, indoor air
quality as well as lighting parameters. Powered by batteries
only, the wireless sensor system can record time-dependent
data at many room locations.

A feasible measurement technique has been developed for
measuring lighting parameters, radiation temperature and
air quality. It is still very difficult to measure low-speed air
velocity in rooms. A new type of dynamic sensor has been
investigated in terms of its accuracy, cost and energy consumption. Based on detailed calculations of different room
airflows, a reasonable accuracy level and spatial distributions of the sensors have been defined.

We have built a new Wireless Sensor Network (WSN) that
achieves our technical goals. The WSN uses sensor nodes
that identify the attached sensors and create an ad hoc net-

We are grateful for the financial support by BMWi (German
Federal Ministry of Economics and Technology), promotional reference 0327402A.

Fig. 1: Velocity field in a simulated conference room

Fig. 2: Difference between mean values for single sensors
and whole simulation domain
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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 determined
by tracking bubble pathways with optical measurement
techniques. Using a newly developed bubble generator, a
large number of bubbles can be produced, thereby enabling
the investigation of large enclosures.
To analyze room airflows, we have to measure and visualize
wide areas and large enclosures. Fog or solid particles, as
optical flow tracers, 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 is using helium-filled, density-neutral
bubbles with a diameter of about 3-4 mm. Due to their low
density difference to air and their size, these bubbles can be
used to follow the air flow almost without mass inertia and
can still be recorded well with digital cameras.
These helium-filled bubbles are produced in a newly developed bubble generator that 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 Actensa
GNF. Hereby, an economical and safe bubble film liquid has
been selected with which a large number of bubbles can
be generated. 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.
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 for increasing the visibility is to enlarge the helium-filled
bubbles by maintaining the density neutrality.
We would like to thank the German Research Foundation
for its financial support.

Fig. 1: Test cube for testing characteristics
of different bubble formulations

Fig. 2: Bubble generator
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Experimental and Numerical Methods for the
Improvement of Active Chilled Beams
Active chilled beams have become increasingly established
in modern HVAC systems, mainly due to their advantages
in energy efficiency, flexibility and space needed. Making
use of numerical fluid flow simulation tools (CFD) this project investigates the internal aerodynamics of active chilled
beams. The simulation data is used to develop designs with
improved performance while minimizing the testing efforts.
Active chilled beams provide ventilation and cooling or
heating for indoor spaces. These systems are typically installed in commercial buildings with high internal thermal
loads and reasonable air exchange rates such as offices,
hotels, airports or laboratories. Active chilled beams outrival standard air-only systems in terms of energy efficiency,
economy and space requirement by using water as the
main medium for the energy transport. Separating the supply of air and the heating or cooling power enables the adjustment of the system performance to the actual needs.
Modern chilled beam concepts lead to compact and energy-efficient solutions providing the desired comfort parameters in the occupied zone.
During operation, active chilled beams use the induction
principle caused by a large number of internal air jets. The
so-called ‘primary air’ provided by a central air-handling unit
is introduced by an array of small nozzles in the inner induction region of an active chilled beam. Because of the
resulting viscous flow effects at all jet surfaces, room air, the

Fig. 1: Sample active chilled beam

so-called ‘secondary air’, is induced, i.e. drawn into the beam
passing a heat exchanger. After changing its temperature
based on operation mode heating or cooling, the secondary
air is mixed with primary air and it is supplied into the room.
The diversity of today’s HVAC applications results in a variety of geometries for chilled beams that, in turn, presents
a wide scope for performance improvements. Numerical
simulations using Computational Fluid Dynamics (CFD) software are a powerful tool, delivering information about flow
properties inside the beam geometry that are hardly detectable by experimental methods without disturbing the flow.
Simulation data is used to improve the development process of a new chilled beam design. This project particularly
investigates aerodynamic optimizations and increases in
heat exchange efficiency while maintaining the given limitations of unit design and user comfort.
Alongside the numerical approach, the construction of a
simplified experimental setup has been accomplished. It
is applicable for laser-optical velocity measurements and
provides an adjustable, automatically controlled test environment. The obtained measurement data will be used to
validate simulation models.
We gratefully acknowledge TROX GmbH for its financial
support.

Fig. 2: Contour plot of the velocity distribution in an experimental design
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Modeling of Perforated Plates for
Computational Fluid Dynamics
Perforated plates are an important element of many air-distribution components such as in air diffusers. In air diffusers,
they are used to equalize the flow to avoid a non-uniform
outflow from the diffuser that can lead to uncomfortable
conditions in indoor rooms. These perforated plates consist
of thousands of holes, and modeling each hole in detail results in very large and complex meshes.
Air diffusers for room ventilation are often complex in geometry, including guide vanes, perforated plates and curved
surfaces all intended for creating and maintaining thermal
comfort for the occupants. The perforated plate is often
used to ensure uniform air flow pattern at the exit of the
diffuser.
To investigate the influence of perforated plates on the flow
field, a test facility has been set up as shown in Fig. 1. The
test facility consists of a flow channel with a perforated
plate inside. The perforated plate can be inserted into the
flow channel at different angles, and the test facility allows
measurements with 2D Laser Doppler Anemometry (LDA)
to validate models for three-dimensional fluid flow simulations.
As a first approach for the momentum source, an isotropic
loss model is tested. Figure 2 presents the velocity distribution at a cross-section of the flow channel 45 mm in front

Fig. 1: Geometry and mesh for the CFD simulation

the perforated plate. The measurements and simulation
agree very well. Figure 3 shows the velocity distribution behind the plate. Here, the main flow structures can be represented by the CFD Simulation; however, some differences
between measurements and simulations remain, in particular, by considering the cross component of the velocity. The
measurement data will be used for further improvements
of modeling perforated plates.
We are grateful for the financial support by the Heinz-TroxFoundation.

Fig. 2: Velocity distribution 45 mm in front of the perforated
plate: a) Measurement – Mainstream direction b) CFD simulation - Mainstream direction c) Measurement – Cross direction d) CFD simulation – Cross direction

Fig. 3: Velocity distribution 45 mm behind of the perforated
plate: a) Measurement – Mainstream direction b) CFD simulation - Mainstream direction c) Measurement – Cross direction d) CFD simulation – Cross direction
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Development of Air Diffusers for Aircraft Cabin
Applications
The passengers’ comfort is an important topic for the aircraft industry. One essential aspect for the passengers’ comfort is the design of the air diffusers. The risk of draft, as
one parameter of passenger comfort, can be decreased by
ensuring a uniform velocity distribution at the outflow of the
diffusers.
The velocity distribution at the outflow of an air diffuser
has an important impact on the developing airflow structures inside the room or cabin. The total momentum supplied by an air diffuser depends on its outflow conditions.
A highly non-uniform velocity distribution at the outflow of
the diffuser leads to a significantly higher total supply air
momentum than a uniform velocity distribution at the outflow of the diffuser. A high total supply air momentum leads
to transient and, thus, unstable airflow structures. Whereas these effects can lead to uncomfortable conditions for
the occupants due to e.g. an increased risk of draft, a high
supply-air momentum can increase mixing effects allowing
high temperature differences in supply air jets to dissipate
faster. Hence, diffusers cannot be designed without considering the airflow inside the room or aircraft.

Fig. 1: Flow visualization by streamlines from
a CFD simulation of an air diffuser for aircraft
applications

At the Institute of Energy Efficient Buildings and Indoor
Climate, air diffusers are developed using experimental
and numerical methods. For the experimental work standard tools, such as flow visualization with fog as well as
velocity measurements by Laser Doppler Anemometry, are
available. The numerical investigations are conducted with
computational fluid dynamic (CFD) software packages such
as ANSYS CFX and OpenFOAM. Figure 1 illustrates the results
of a CFD simulation of a diffuser for aircraft applications by
streamlines at the outflow of the diffuser.
After the optimization of the air diffuser, shown in Fig.1, the
impact of the diffuser on the flow field is investigated by
measurements during flight tests. For these flight tests the
prototypes of the optimized diffuser are integrated into a
full-scale test aircraft. During flight tests the velocity and
temperature distributions inside the aircraft are measured.
With these measurement data the success of the new diffusers can be evaluated.
We gratefully acknowledge Airbus Germany GmbH for its
financial support.

Fig. 2: Production of a prototype of an air
diffusor
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Accurate Modeling of Cabin Flow
The modeling of the airflow in aircraft cabins with computational fluid dynamics is an important topic for the aircraft industry. A test facility representing the upper deck of an A 380
aircraft has been built up at the German Aerospace Center
in Göttingen. In this mock setting, velocity and temperature
are measured and can be used as validation data. Different
Computational Fluid Dynamics (CFD) codes and turbulence
models are compared with these measurement data to
identify the best modeling setup for cabin flow.
In the aircraft industry, it is important to accurately model
cabin airflow. As the various possible setups for the cabin
environment cannot be all investigated experimentally,
accurate simulations of cabin airflow are necessary. Thus,
CFD simulations of cabin airflow can significantly help to
improve the comfort of aircraft passengers.

Stress Transport (SST) model. Figure 1 depicts the influence
of both turbulence models compared to the PIV measurement data. The jets from the ceiling are attached to the storage compartment at the left and right side as well as the
middle of the cabin. At the central storage compartment,
the jets from the left and right side collide and are deflected
to the occupied zone of the passengers. In the measurements (Fig. 1a) the left jet is stronger and dominates the
combined jet. For the k-ε model (Fig. 1b) the jets are equal,
whereas with the SST model (Fig. 1c), the left jet strongly
dominates the right jet.
We would like to thank the Airbus Germany GmbH for its
financial support.

To identify the best numerical setup for CFD simulations of
cabin airflow, a test facility has been built up at the German Aerospace Center (DLR) in Göttingen. In this mock setting, velocity and temperature are measured using Particle
Image Velocimetry (PIV) and thermocouples, respectively.
These measurement data can be used to validate different
numerical setups.
Three different CFD codes have been investigated each by
the three partners in this project. Whereas the DLR Göttingen uses their own code THETA, the Institute for Fluid Mechanics and Technical Acoustic (ISTA) of the TU Berlin conducts simulations with the commercial code StarCD. The
third partner, the Institute for Energy Efficient Buildings and
Indoor Climate, E.ON ERC at the RWTH Aachen University
uses the code ANSYS CFX.
One important parameter of CFD modeling is the applied
turbulence model. We have investigated two different turbulence models: The standard k-ε model and the Shear

Fig. 1: Velocity distribution inside the aircraft
cabin a) PIV Measurement b) CFD Simulation
with k-ε model c) CFD Simulation with SST
model
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Energy and Comfort Models for Automobile
Cabins
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 consumption of the engine
as opposed to other integrated components in cars such
as the climate-control system, multimedia or navigation instruments will change in the future. Especially for electric
vehicles the auxiliary energy use is very critical because of
its limited battery capacity. Thus, the aim of this research
project is to investigate more energy-efficient climatecontrol systems without compromising thermal comfort of
passengers. To realize this task, a simulation model of a car
interior cabin has been programmed which allows very accurate calculations of the airflow pathways as well as the
resulting energy demand for the chosen boundary conditions.
Airflow has been analyzed in great detail via Computational
Fluid Dynamics (CFD) simulations using advanced turbulence models that, however, are very time-consuming. The
current simulation environment does not provide a model
for a real-time climate-control system. Nonetheless, CFD
simulations serve as a basis for deriving a considerably
faster multi-zone model in the programming language
Modelica. The new Modelica cabin model is subdivided into
a selected number of zones in order to represent various
states of the internal cabin airflows. Within every zone, the
calculation is limited to the corresponding energy equation.
For displaying the airflow processes in the cabin or determining the airflows over the individual zone limits, the a
priori knowledge from the CFD simulations is applied regarding the various characteristic boundary conditions.
The CFD data about the velocity and temperature fields of
the interior cabin airflow is transmitted to Modelica via a
matrix of zone-related exchange coefficients. With a suf-

ficient number of configurations and their flow analyses,
arbitrary climate states ought to be pictured via transfer
functions, thus depicting a complete image regarding the
air- and temperature distribution in the vehicle cabin. As a
next step, a passenger comfort model will be implemented
that accounts for physiological as well as psychological effects. In addition, a model for the solar radiation computes
the energy introduced by the solar radiation depending on
the relative position of the sun and the car. The model will
be verified based on field measurements and laboratory
tests.
By using the model, direct conclusions about the comfort
of a passenger will 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.
We are grateful for the financial support by Continental AG.

Fig. 1: Vector plot of velocity in a vehicle
cabin with passenger

Fig. 2: Isotache for a velocity of 0.65 m/s
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Advanced Thermal Comfort Modeling
Energy saving measures should not lead to sacrifices in the
comfort and health of occupants of indoor environments.
Consequently, the necessity of reducing the energy demand
of buildings and vehicles must always be balanced with human comfort needs. In the case of heating and ventilation,
a detailed understanding of human thermal sensation and
comfort is required.
Many indoor environments show non-uniform thermal conditions. The room airflow field is disturbed by the interaction
of momentum and buoyancy forces causing complex room
flow structures with high local velocity and temperature differences. In addition, windows and poorly insulated walls as
well as low cabin-wall temperatures in cars or aircrafts lead
to uneven radiative heat fluxes for all different body parts.
Figure 1 exemplifies the temperature distribution along the
legs of an aircraft passenger. The picture indicates a stratification of about 6 K between the foot and the thigh. These
kind of local temperature differences in combination with
changing airflow velocities cannot be resolved by traditional thermal comfort models. Nonetheless, these effects have
to be taken into account when evaluating comfort in nonuniform environments.
The new 33-node comfort model (33-NCM) developed at our
institute relates local thermal sensation (TSl) and comfort
(TCl) to skin temperatures, which are defined by a physiological model. Sixteen single body parts are resolved, and
their local thermal sensation and comfort is transformed
into an overall thermal sensation (TSo) and comfort (TCo)
vote. Since the integrated models for the physiological and
psychological part are based on a limited range of experiments with only partially known boundary conditions and
partially understood effects of intra- and inter-individual differences, the whole model is calibrated with self-obtained
experimental data generated in an automated optimization
process. As a result, the optimized set of design parameters
is limited to the field of application.
The particular experimental data reflect the thermal sensation and comfort votes of sitting passengers in an aircraft.
The universal validity of the underlying model makes it pos-

sible, however, to transfer the whole process to any other
indoor environment.
The model is programmed in Modelica, and it may be used
alone as a program or directly coupled with numerical flow
simulations.
The 33-NCM may help to answer numerous questions on the
effect of different environments. Figure 1 shows the evaluation of the effect of different vertical temperature gradients.
Actual standards prescribe 3°C as the limit for the vertical
air temperature difference between head and ankle levels.
The simulations imply, however, that much higher temperature gradients may be acceptable in selected environments.
We would like to thank Airbus Germany GmbH for its financial support.

Fig. 1: Temperature distribution along the
legs of a passenger

Fig. 2: Overall thermal sensation TSo and comfort
TCo as a function of stratification (Tpelvis = 26 °C)
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Examination of Building Materials – A Combined
Emission and Odor Test
Indoor air pollutants can adversely affect the health and
comfort of building occupants. The pollutants are emitted
by various sources. Among these sources, building products
are of particular importance, because these products cannot
be removed easily, and often the occupants cannot decide
about which materials are used such 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 Europe so far. All of these procedures combine measurements
of volatile organic compounds according to ISO 16000-9 and
sensory evaluations by human panels. However, there is no
sensory testing for the labeling system in Germany. The
aim of the current project financed by the German Federal
Environmental Agency is to implement the sensory test in
the AgBB-Scheme for the so-called ‘Blue Angel Label’. This
project is a collaboration among the Technical University of
Berlin, the Federal Institute for Materials Research and Testing and RWTH Aachen University.
Many floor covering materials such as carpets, PVCs, linoleums, adhesives and their combinations are being
investigated and tested in accordance to ISO 16000 and
AgBB-Scheme. The use of different emission chambers
(CLIMPAQ’s, 20 l-chambers, 1 m3-chamber, 5 m3 -chamber, 13

Fig. 1: Test chamber for building materials

m3 -chamber) ought to show if the results of chemical and
sensory tests are the same for each material in different
emission chambers.
The sensory test directly in the smallest emission chamber
(20 l) is not possible. In this case, the emitted air is collected
in the sampling bag and transported to the air quality laboratory where the sensory tests take place.
The sensory evaluation is performed by two human panels.
The first panel consists of 9-14 people who assess the hedonic tone and the perceived intensity by using the comparative scale. The second one, consisting of 20-30 people,
is asked about acceptability, hedonic tone and reasonability
of the sample air as a daily work environment. The transfer
functions between acceptability and perceived intensity are
currently being investigated.
For the Blue Angel Label, the limits of perceived intensity
and hedonic tone will be set and implemented in the AgBBScheme.
We would like to thank the German Federal Environment
Agency for its financial support.

Fig. 2: Investigation of carpet in a CLIMPAQ
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Hybrid Ventilation Systems for School Buildings
Thermal comfort and indoor air quality affect learning conditions in schools. Thus, a good indoor climate is an essential property of school buildings. Consequently, this research
project aims to develop a new hybrid system that combines
an automated natural and mechanical ventilation strategy
designed as a retrofit solution for school buildings.
Most classrooms in Germany are exclusively supplied with
outdoor air by means of windows, defined as natural ventilation. Under many ambient conditions, however, this
natural ventilation cannot provide a sufficient flow rate for
ensuring good air quality while maintaining the thermal
comfort of the classroom occupants.
The hybrid ventilation technology combines window ventilation with mechanical ventilation, thus combining the
advantages of natural ventilation (no energy for transportation needed) with those 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.
With a Modelica simulation, an adequate heat recovery coefficient for cost-efficient facade ventilation has been calculated. In contrast to residential buildings, larger internal
heat loads in classrooms lead to a lower heating energy

demand in winter and a higher cooling demand in summer.
As a result of the simulation, it has been shown that a heat
recovery coefficient of more than 60% means no significant
improvement in the annual power consumption.
Currently, field test measurements are being performed in
a school building in Berlin. A comparative study of two different ventilation systems is running in two adjacent classrooms as shown in Fig.1. One classroom is supplied with the
newly developed hybrid ventilation technique, whereas in
the other classroom, only natural ventilation is used to supply pupils with fresh air. As criteria for the indoor air quality
CO2-concentrations and temperatures are measured constantly. Figure 2 shows a comparison of the temperatures in
both rooms during one day.
A test setup is currently being used to optimize the airflow
route through the ventilation unit. Therefore, the air velocities in the cross section of the unit are measured with a
laser Doppler anemometer. The results will be utilized to
validate a CFD-simulation of the flow route within the ventilation unit.
We gratefully acknowledge the financial support by BMWi
(German Federal Ministry of Economics and Technology),
promotional reference 0327387D.

Fig. 1: Comparative study of two different ventilation
systems in classrooms

Fig. 2: Measurement results of the in situ test
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Adaptive Control of Radiators in Residential
Buildings
The scope of this project is an adaptive control system for
room-heating systems that ought to decrease the energy demand by using lower supply temperatures and room-specific
temperature profiles. Additionally, a test bench will be set
up as “hardware-in-the-loop”-system, and a field test will be
conducted.
Up to now, room heating is mainly controlled by two mechanisms. First, a thermostatic valve controls the room temperature and avoids both overheating and unintentional
cooling. Second, the supply temperature is determined depending on the outside temperature. The supply temperature has to be high enough to ensure sufficient heating in
every room of a building.
An adaptive system should match the heat emission to the
room occupant’s needs. The system should also reduce the
energy loss while ventilating the room or when the occupant is absent. The system should learn to adapt itself to
the occupant and his/her requirements by determining a
time-resolved temperature program for every individual
room. By applying a simple interface, the users can give
feedback and match the heat emission to the desired temperature level.

In a second step, a single room will be replaced by a “virtual” room. The surface temperature and the room temperature of this “virtual” room will be calculated in a simulation
depending on the measured heat emission of the radiator.
The results will than be relayed to the surroundings. This
concept allows the analysis of several rooms within a comparatively small area.
The simulation will be set up in Modelica, utilizing the models for buildings and HVAC-systems already developed at
our institute. The experimental data will be determined in a
selected multi-family residential building and in collaboration with the company ista International GmbH.
We gratefully acknowledge the financial support by BMWi
(German Federal Ministry of Economics and Technology),
promotional reference 0327387D.

Furthermore, heat cost allocators can be used to determine
parameters of the surroundings such as room temperature
and heater surface temperature. Modern heat cost allocators feature wireless support that facilitates the acquisition
and processing of relevant data. This will help to additionally reduce heat losses during ventilation phases.
A hardware-in-the-loop test bench will be constructed to
examine the results of the theoretical models in a fully controllable surrounding. Therefore, a real hydraulic network
will be set up in the new experimental hall of our institute.

Fig. 1: Standard and adapted temperature profiles
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Energy Evaluation of Electric Area Heating Devices
The high insulation standards of new buildings and the individual behavior of the occupants are new challenges for
heating systems. Therefore, alternative heating concepts
including purely electrical systems are to be considered. In
this project, the application of electric area heating for residential and office buildings is analyzed applying different
utilization profiles.

average electrical efficiency of large-scale power plants, the
primary energy factor is 2.7 in Germany. This implies that highquality energy of electric power should not be used for heating only. On the other hand, electric heating systems do not
have any technical losses for generation, storage and distribution. Furthermore, electric heating systems adapt their heating
power very precisely to the actual heating demand.

In Germany, energy conservation regulations for buildings
require high insulation standards for both residential and
office buildings. This greatly minimizes heat losses, and additionally, heat recovery systems limit the heat demand for
ventilation. By taking these measures into account, in particular, office buildings with high internal loads will need
very small heating systems in the future.

This project analyzes a new type of electric heating devices installed directly as wallpaper in modern residential and office
buildings. As the result of the fast responding behavior of the
electric heating device, thermal comfort can be achieved within
a very short time. This infers that heating energy needs only to
be provided if requested. Consequently, heating energy may be
saved depending on the user’s behavior. The potential of electric heating systems is hereby analyzed using dynamic building
simulations. Collaborators at the Technical University of Munich
have experimented with this new electric heating system, and
the data has been used to validate our simulation model.

Standard heating systems include a heat generation unit, a
storage system, a hydraulic network and controllable radiators. All basic functions of these systems as generation, storage, distribution and control are linked to technical losses
as undesired heat fluxes or auxiliary energy demand. Today’s buildings need approximately 30 to 50 % more energy
than the actual heating energy demand. Due to a decreasing efficiency of very small heating systems, the importance
of technical losses grows dramatically for energy-efficient
buildings.
On the one hand, electric heating systems suffer from a
high primary energy factor for electric power. Based on the

Fig. 2: Area heating device

Two residential and one office building are taken into account
for the simulation process. The consumer’s behavior is considered in the analysis by using different user profiles, especially
for the residential buildings. Based on the results, an energy
and cost-efficiency evaluation will indicate if electrical heating
system may be recommended for future buildings.
We appreciate the financial support by E.ON Energy AG.

Fig. 2: Simulation set-up
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Analysis of Domestic Heat Pump Systems
Modern heat pump systems offer a huge potential for energy savings compared with standard gas or oil-fired heating systems. By examining the overall system behavior, the
various heat pumps are investigated under typical operation conditions. The simulation results are compared to data
from a comprehensive field study. Thereby, possible future
improvements of heat pump systems will be identified.

Figure 2 illustrates sample results of a parameter study with
air-to-water heat pumps by varying the building insulation
standards. The seasonal performance factor for the system
with the best-insulated building is the highest (see Model
3). Additionally, studies are currently running on different
heat sources for the heat pump and various building insulation standards.

The performance of a heat pump system particularly depends on weather conditions and geological effects as well
as on building design parameters and user behavior. An energy optimization requires an intelligent coupling and control of all components of the building services installation,
the building envelope and the aforementioned influences.

We appreciate the financial support by E.ON gGmbH.

By means of a field test of the E.ON Energie AG, conducted
by the Fraunhofer Institute for Solar Energy Systems, 77
heat pump systems in Germany have been evaluated. Part
of this project is to provide a second-level analysis of the
test data including data validation and verification. Furthermore, the correlations between user behavior, building
insulation standards and the heat pump performance are
simulated.
Object-orientated programming using the modeling language Modelica allows one to combine different components to the total heat pump system within different configurations. The field test data is used to validate the key
components such as heat pumps and storages. Building
models and components of the heat source complement
the model to the overall system. Figure 1 shows the most
important components of the heat pump system and simulated temperatures for one day each.
The simulations of the system and the outcomes of the field
study enable a detailed comprehension of the operating
performance of heat pumps. Based on this data, possible
technology improvements can be detected. Thereby, effects
of an improved controlling and arrangement of the system
are particularly studied. A sensitivity analysis aims to reveal
improvements in the heat pump technology.

Fig. 1: Simulation results: Temperatures of the most important components of a heat pump system

Fig. 2: Simulation results: Seasonal performance factors of air-to-water heat pumps
for three different insulation standards
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Latent Heat Storage Devices for Heat Pump and
Solar Heating Systems
Modern heating systems for buildings need a supply temperature of approximately 35°C. In order to use such supply
temperatures more efficiently, the standard heat storage
systems must be redesigned. The integration of a latent
heat storage system in a modern heating system ought to
enhance the overall system performance.
In this project an existing, latent heat storage plate design
for cooling applications has been adapted to the requirements of a modern heating system. The new storage system can be linked to a heat pump or a thermal solar system supplying a typical residential building. Due to the low
temperature level, the latent heat storage system has been
designed according to floor and ceiling heating system with
a maximum temperature level of 35 °C.

perature-dependent heat capacity curve and the maximum
loading rate for different temperatures. The measured data
will be implemented in a numerical model of the storage
system, and the results will be compared to the simulation
results of the existing latent heat storage model, so that the
model can be improved and verified. Combining 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.
We would like to thank E.ON gGmbH for its financial support.

Combining the latent heat storage system and a solar heating device ought to enhance the solar heating capacity, because today’s solar heating systems are not very effective
during spring and autumn. In these seasons, the backflow
temperature is usually not high enough for standard water
storage systems.
Latent heat storage systems use a phase-changing process
to store energy at small temperature gradients. Special paraffin and salt hydrates can offer a phase-changing temperature in the range of 5 – 50 °C. Within this temperature range,
latent heat storage systems are superior to standard water
systems upon considering their integration in modern heating systems for buildings with supply temperatures of approximately 35 °C.

Fig. 1: Simulation setup

Figure 1 illustrates the simulation setup for the combination
with a heat pump, and Fig. 2 presents first results of simulations of the latent heat storage device. These results indicate the potential of such a storage system and also show
that its integration into heat pump systems can decrease
the heat pump power.
Currently, a temperature-controlled water circuit test bench
is being designed and built in the new experimental hall
of the institute. This test bench will provide data for a tem-

Fig. 2: First results
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Paraffin Emulsions as a New Latent Heat Storage
Medium for Buildings and District Heating Systems
Thermal energy storage systems are one of the key elements
for energy-efficient buildings, in particular with regard to renewable energy sources. A new fluid based on water, paraffin and an emulsion substrate provides a new latent heat
storage medium that can be distributed in any hydraulic
system. The new fluid may enhance the transport capacity of
standard heating systems or a large pipe network for district
heating or cooling applications.
The non-synchronous load profile of energy demand and
generation necessitates energy storage systems. Particularly combined heat and power generation units or renewable
energies systems need large storage capacities. Nowadays
it is very expensive to use batteries as electrical storage
devices. Alternatively, heat storage systems may be able to
provide reasonable capacity-cost ratios to balance load profiles. This project examines a new fluid with a latent heat
storage capacity for applications with low temperature gradients.

these drops may be reduced with less hydraulic effort. The
use of drag-reducing additives, thus, has the potential to
significantly decrease investment in the supply network or
to lower the energy consumption of pumps.
During this three-year project, we are investigating the use
of water-paraffin emulsions and friction-reducing additives
for heat and cooling systems by using experimental and numerical methods. We are hereby closely collaborating with
the Fraunhofer Institute for Environmental Safety and Energy Technology UMSICHT in Oberhausen, Germany.
We gratefully acknowledge the financial support by BMWi
(German Federal Ministry of Economics and Technology),
promotional reference 032747B.

A water-paraffin emulsion will be studied as a cooling or
heating medium as a repository for large-scale water storage systems. Replacing water, the applied emulsions will
lead to a higher energy storage capacity as shown in Fig.
1. This higher storage capacity of the new fluid is based on
paraffin’s phase change from a liquid to solid state. The
emulsion stays in the liquid state because of the favorable
particle-size distribution of the small paraffin droplets.
Besides the use of emulsions for hydraulic systems, we are
also studying the application of special friction-reducing additives. Such additives can lower the pipe flow resistance
in the district heating and local supply systems. Based on
this technology, flow velocities may be increased in a sustained manner without causing higher drops in pressure or

Fig. 1: Specific enthalpy of a 30 % and 50 % emulsion compared to water versus a temperature spread
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Investment Opportunities for Energy Efficient
Buildings
To minimize buildings’ energy demand and resulting emissions of pollutants, different kinds of energy systems and
building constructions compete with each other for available capital. The main aim of this study is to define optimal
investment strategies for residential buildings to enhance
their energy efficiency.
In Germany, about 30 % of end energy demand is attributed
to the heating of buildings. Thus, this sector is especially
important for reducing the total energy consumption and
CO2 emissions as well as other pollutants. Regarding the energy optimization of residential buildings, various architectural and technical measures compete with one another for
the available capital. In this study, different technical and
constructional building improvements are to be compared,
based on available data from field measurements and advanced calculation methods. The main goal of this project
is to find the optimal investment strategy to minimize the
buildings’ energy demand and resulting emission levels.

envelope. Since simple, static energy-balance approaches
imprecisely calculate the interaction of different measures,
dynamic simulation models for two representative buildings will be developed and the overall energy efficiency will
be calculated for various cases. With the results of these
dynamic simulations and cost data for Germany, different
investment strategies concerning the energy system and
buildings’ envelope will be compared. Furthermore, the
dynamic simulations will help to improve the static calculation models. Based on the comparison of constructional
and technical measures, a guide with recommendations
for different building types will be provided for residential
buildings.
We are grateful for the financial support of E.ON Ruhrgas
AG.

In the first stage of the project, different heating systems
will be compared with regard to energy consumption, emission of pollutants and costs. Therefore, an existing calculation tool of E.ON Ruhrgas AG will be updated and enhanced,
thereby providing a means of assessing the energy balance
and environmental impact of various heating systems.
Based on this energy balance approach, the tool calculates
characteristic values for typical heating systems as shown
in Figure 1. Later on, this tool will be reprogrammed as an
internet-application to be used as a home energy guide for
private investors and will include new technologies such as
gas heat pumps and combined heat and power generation.
In the second project stage, the calculation tool will be extended to calculate the decrease in the energy consumption and the CO2 emissions by enhancing the buildings’

Fig. 1: Exemplary representation of the relative charateristic
values of a heating system
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New Technologies for District Heating Systems
Applying Co-generation Units
District heating systems and combined heat and power
units will be one of the important key technologies to decrease the primary energy or, more precisely, the exergy demand of the building stock.
In order to minimize energy use for meeting the heat demand of buildings, energy efficiency measures can be implemented on the building side as well as on the supply
side. Co-generation is a particularly efficient way of supplying heat to buildings, since it uses low-exergy “waste” energy to meet a low temperature demand of typical heating
systems. Moreover, it might be the best option in areas with
old building stock that cannot be converted to meet high
insulation standards at a reasonable cost.
This preliminary study aims to identify new research areas
for combined heat and power units at the community level
as well the associated district heating systems.

mance rating of buildings. It will also address performance
data of actual gas engines and expected developments,
piping and heat exchanger technologies for district heating
systems and the use of new fluids to reduce friction losses
and to enhance the heat capacity. Finally, cooling applications in residential buildings will be examined, as they open
new opportunities for CHP-supplied heating systems during
summertime.
In order to analyze the relative benefits of possible measures, for example low-cost, low-insulation piping or bestpoint operation in combination with storages, development
of a model has begun. This model will allow simulating the
operation of a co-generation-supplied district heating system for various community structures.
We are grateful for the financial support by E.ON gGmbH.

The study includes a summary of European regulations
regarding co-generation units and energy/exergy perfor-

Fig. 1: CHP engine (Source: G. Meinecke / Deutz)

Fig. 2: District heating system (Source: Richter/Zepf, in:
LowEx-Symposium zum deutschen Projektverbund des
BMWi, Kassel, October 2009)
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“Exergy” Analysis of Office Buildings with
Geothermal Systems Using an Object-Oriented
Programming Environment
Office buildings with geothermal energy systems use low
temperature differences for heating and cooling. As a drawback, large hydraulic systems cause high pressure drops
leading to a high electrical energy consumption of all pump
devices. Based on field experiments of recent buildings designs, a dynamic exergy analysis will be performed. The exergy concept addresses the transferable part of any energy
flux, and it provides a thermodynamically based rating of
energy sources.
We are collaborating in a new building monitoring project arranged by the Fraunhofer Institute for Solar Energy
Systems and industrial partners. The data from the comprehensive monitored process will be used to develop an
exergy analysis method based on the dynamic modeling of
the thermohydraulic behavior of the building and its supply
system.
The concept of exergy analysis refers to the second law of
thermodynamics. According to the first law of thermodynamics, energy is a conserved entity, and it can only be converted from one form to another. However, the second law
of thermodynamics reveals a limitation in the reversibility
of this process. It introduces the expression of entropy and
demands that if conversion of energy is followed with entropy production, this process is not reversible. This means
that while the system is transferring into thermodynamic
equilibrium, just a specific part of energy can be converted
to work and the rest appears in the system as heat.
From this point of view, exergy is defined as that part of
energy that can produce work. Simplified, exergy expresses the quality of energy showing how much work can be
achieved using that specific amount of energy. It is a very
important property of exergy that it depends on the state
functions of the system such as temperature. Therefore, for
an exergy analysis, the system and its surroundings must
be taken into account. The exergy evaluation of the system
takes into account thermodynamic phenomena that cannot
be explained by merely applying an energy evaluation on
the systems. In particular, the identification and evaluation

of exergy loss processes of supplying systems are crucial to
improve the efficiency of the whole system.
In this project, the exergy characteristic figures of the building and its supplying system will be studied by analyzing
the demand exergy and the exergy loss mechanisms in the
system. A mathematical model of the monitored building
will be constructed using Modelica. Within the scope of this
project, the developed Modelica libraries in our institute will
be released as open-source data. These Modelica libraries
will provide a consistent modeling tool for the thermohydraulic behavior of the building and HAVC installation.
We appreciate the financial support by BMWi (German Federal Ministry of Economics and Technology), promotional
reference 0327370Y.

Fig 1: Exergy consumption in a building

Fig 2: Simulation results of heat flow and
exergy flow of a boiler model in Modelica
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Energy Concept for the Historical City of Aachen - E³
In Germany, about 65 % of the energy consumption of buildings is attributed to build-ings designed before the 1970s.
Many cities have historical or at least very characte-ristic
buildings that provide an architectural identity for the inhabitants. These build-ings are particularly significant in terms
of improving their energy efficiency and meet-ing the necessary emission-reduction standards. The main focus of this
new research project is to provide energy concepts for the
historical buildings of Aachen with re-spect to current and
future energy infrastructures.
Within this research project, energy enhancement measures applicable to historical buildings will be adapted and
studied. The obtained knowledge will support the de-velopment of new energy concepts for the city of Aachen within
the framework of the current challenge entitled “Energy
Efficient City” called for by the Ministry for Education and
Research.

Aachen’s city center. Once identified, the buildings will be
classified in a matrix with possible refurbishment measures.
The matrix will be used to define refurbishment pathways
that are feasible from an architectural and energy-savings
point-of-view. In order to choose the proper retrofit measures, a multilevel quality criterion has to be developed that
accounts for energy savings and other aspects such as the
conservation of historical monuments.
The research proposal “Energy Concept for the Historical
City of Aachen” has passed the first step of a two-step selection process. If selected, the next step will include case
studies for typical buildings of the identified typologies. In
addition, an internet-based energy monitoring will be elaborated.
We gratefully acknowledge the financial support by BMBF
(German Federal Ministry of Education and Research).

Part of the analysis is defining suitable typologies of the
historical buildings that can represent the building stick of

Fig. 1: Strategic measures for historical buildings
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Retrofit Strategies for Residential Buildings
The housing society “Volkswohnung Karlsruhe” has 35 residential buildings in the area of Karlsruhe-Rintheim with
more than 1.000 apartments built in the 1950s and 1960s.
In cooperation with “Volkswohnung Karlsruhe” and the University of Applied Science Karlsruhe, an energy modernization experiment with different combinations of innovative
solutions in the area of building’s physics and technical installations, including a control system has been planed and
partially realized, accompanied by extensive monitoring and
simulations.
This project offers the great opportunity to investigate different retrofit strategies in three similar buildings including
90 flats. All retrofit variations are to be evaluated in terms of
energy rating, exergy calculations, costs and occupants’ acceptance. The project includes the design of a new district
heating system partly powered by waste heat from a large
fuel plant.
Besides renovating the building envelope, different solutions for each building’s accesses (three accesses per
building) will be adopted. The first building, refurbished according to Volkswohnung standards, will be connected to a
district heating system. With regard to the second building,
several low-temperature heat distribution systems coupled
with district heating will be installed. The last building will
be heated two-thirds by air-handling units and one-third by
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radiant ceiling heating. The heat is respectively supplied
and produced by two ground-connected heat pumps using
CO2 filled heat pipes and one air-water heat pump system.
During the three-year project period, the complete refurbishment as well as several technical solutions will be inspected and compared. First, the efficiency and the costeffectiveness of the singular refurbishment measures will
be evaluated. In addition, the technical maturity of those
technologies will be investigated and possible technical
deficits as well as technical enhancements will be clarified.
Moreover, the interface for typical tenants in the field of
housing industry and housing administration will have to
be verified.
A further task is to evaluate the interaction between the
building’s physics, the technical plant and the control engineering (regulations and controlling systems) on the basis
of the available measurement data and the computer-aided
simulations. The modeling and simulations of the refurbished buildings and the installed technologies will be run
after the validations of the models using the generated
measurement data.
We appreciate the financial support by BMWi (German Federal Ministry of Economics and Technology), promotional
reference 0327400G.

Fig. 1: Building facade during retrofit operarions and after retrofit

Fig. 2: Specific heat losses throuh the envelope of the buildings
before and after retrofit
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March 2009, ”Bauproduktprüfung und Geruch – Neue Entwicklung im Rahmen von Label-Systemen”; 11. Workshop
”Geruch und Emissionen bei Kunststoffen”
T. Osterhage, D. Müller; March 2009, ”Systematische Untersuchung von Sanierungsmaßnahmen für Wohngebäude der
50-er und 60-er Jahre”; 3. Internationales Anwenderforum
„Energetische Sanierung von Gebäuden”
R. Streblow, D. Müller, I. Gores, P. Bendfeldt; May 2009, “Prediction of Thermal Sensation Using an Optimized 33 Node
Simulation Model”; 11th International Conference on Air Distribution in Rooms (Roomvent 2009), Busan, Korea

.

M.Schmidt, R.Streblow, D. Müller; Nov. 2009, “Modellierungsansätze für Lochbleche in Luftdurchlässen”; Deutsche KälteKlima-Tagung 2009, Berlin, Germany

.

I. Eggers, P. Matthes, J. Panašková, D. Müller; Sept. 2009, ”Façade Integrated Hybrid Ventilation System for School Buildings”; 9th International Conference Healthy Buildings 2009,
Syracuse, USA

.

P. Matthes, I. Eggers, J. Panašková, D. Müller; Sept. 2009, “Control Strategy for a Hybrid Ventilation System in School Buildings”; 9th International Conference Healthy Buildings 2009,
Syracuse, USA

.

I. Eggers, P. Matthes, D. Müller; Nov. 2009, “Hybride Lüftungstechnik für Schulräume - dezentrale Lüftungstechnik”;
Deutsche Kälte-Klima-Tagung 2009, Berlin, Germany

.

R. Streblow, D. Müller, I. Gores, P. Bendfeldt; Sept. 2009, “A
33 Node Comfort Model fort he Evaluation of Thermal Sensation and Comfort“ 9th International Conference Healthy
Buildings 2009, Syracuse, USA

.

Claudia Kandzia, Alexander Hoh, Dirk Müller; May 2009, “An
experimental investigation of cooling systems by applying
the ambient air as heat sink”; 11th International Conference
on Air Distribution in Rooms (Roomvent 2009), Busan, Korea

.

A. Hoh, D. Müller, T. Haase, T. Tschirner; May 2009, “Façade
integrated latent heat storage system for cooling applications”; 11th International Conference on Air Distribution in
Rooms (Roomvent 2009), Busan, Korea

.

J. Panašková, I. Eggers, P. Matthes, D. Müller; Nov. 2009,
“Luftqualitätsmessungen in Schulräumen”; Deutsche KälteKlima-Tagung 2009, Berlin, Germany

.

.

A. Hoh, D. Müller, J. Seifert, W. Richter; Nov. 2009, “Exergetische Bewertungsverfahren für die Heiz- und Raumlufttechnik”; Deutsche Kälte-Klima-Tagung 2009, Berlin, Germany

B. Müller, J. Panašková, M. Danielak, O. Jann, W. Horn, D. Müller, W. Plehn; Sept. 2009, ”Labelling of building materials – A
combination of emission tests with odour tests”; 9th International Conference Healthy Buildings 2009, Syracuse, USA

.

C. Leonhardt, D. Müller; Sept. 2009, “Modelling of Residential
Heating Systems using a Phase Change Material Storage
System”; 7th International Modelica Conference, Como, Italy

.

.

Armin Knels, Dirk Müller, Andreas Köpke, Adam Wolisz; Nov.
2009, ”Erfassung von Behaglichkeitskennwerten mit einem
funkbasierten Sensornetzwerk”, Deutsche Kälte-KlimaTagung 2009, Berlin, Germany

K. Huchtemann, D.Müller; Sept. 2009, “Advanced Simulation
Methods for Heat Pump Systems”; 7th International Modelica Conference, Como, Italy

.

B. Müller, J. Panašková, M. Danielak, O. Jann, W. Horn, D. Müller, W. Plehn; Sept. 2009, ”Labelling of building materials – A
combination of emission tests with odour tests”; Emissions
and odours from materials 2009, Brussels, Belgium

.

R. Streblow, D. Müller, I. Gores, P. Bendfeldt; Jan 2009, “Thermisches Komfortmodell für inhomogene Umgebungszustände” Bauphysik, Vol. 31, pp. 38-41

.

.
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K. Huchtemann, D. Müller; Nov. 2009, “Wärmepumpenfeldversuch der E.ON Energie AG – Begleitende Berechnungen”;
Deutsche Kälte-Klima-Tagung 2009, Berlin, Germany
M. Schmidt, R. Streblow, D. Müller; May 2009, “CFD Modeling
of Complex Air Diffusers”; 11th International Conference on
Air Distribution in Rooms (Roomvent 2009), Busan, Korea

Selected Publications

Others

.

A. Hoh, D. Müller; Feb. 2009, “Raumkühlung mit Latentwärmespeichern”; Technik am Bau, Vol. 40, pp. 50-53

.

A. Hoh, D. Müller, J. Seifert, W. Richter; Oct. 2009, “Dynamische,
exergetische Bewertung von Anlagensystemen in der Gebäudeenergietechnik”; LowEx Symposium zum deutschen
Projektverbund des BMWi, Kassel, Germany

.

.

K. Huchtemann, D. Müller; March 2009, “Analyse von
Wärmepumpensystemen im Wohnungsbau”; KI - Kälte, Luft,
Klimatechnik, Vol. 45, pp. 38-42
I. Eggers, P. Matthes, J. Panašková, D. Müller; July 2009,
“Übersicht über hybride Lüftungssysteme”; Statusseminar
– Forschung für Energieoptimiertes Bauen 2009, Würzburg,
Germany

.

P. Matthes, D. Müller; July 2009, “Studie zur Wärmerückgewinnung in Unterrichtsräumen” (Poster); Statusseminar –
Forschung für Energieoptimiertes Bauen 2009, Würzburg,
Germany

.

J. Panašková, D. Müller; July 2009, “Sensorische und messtechnische Erfassung der Luftqualität in Unterrichtsräumen”
(Poster); Statusseminar – Forschung für Energieoptimiertes
Bauen 2009, Würzburg, Germany

.

I. Eggers, D. Müller; “Hybride Lüftungstechnik in Unterrichtsräumen” (Poster); published Juni 2009; Statusseminar –
Forschung für Energieoptimiertes Bauen 2009, Würzburg,
Germany

.

R. T. Hellwig, D. Müller, S. Steiger, I. Eggers, P. Matthes, J.
Wildeboer; Nov. 2009, “Innovative Belüftung von Klassenräumen - Hybride Lüftungstechnik”; Zukunftsraum Schule,
Stuttgart, Germany

.

P. Matthes, D. Müller; July/Aug. 2009, “Objektorientierte Berechnungsverfahren für die Gebäude- und Anlagentechnik”
Technik am Bau, Vol. 40, pp. 68-71

.

I. Eggers, P. Matthes, J. Panašková, D. Müller; “Thermische Behaglichkeit und gute Luftqualität in Schulgebäuden durch
hybride Lüftungstechnik”; published December 2009; Abschlussbericht PTJ, Jülich, Germany

Selected Publications

81

Team
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Team

Chronicle
November 2009

Internal Seminar

19-20

Prof. Müller serves as the head of the working group “Air
conditioning and heat pump applications” of the German
technical-research organization for refrigeration, air conditioning and heat pump technology (Deutscher Kälteund Klimatechnischer Verein e.V.). During the conference
of the association the institute presents latest results
from research

16

First work day of Nina Kopmann

03-04

Inga Eggers attends the conference “Zukunftsraum
Schule” in Stuttgart

02

First work day of Paul Mathis

October 2009
28-29

Azadeh Hosseini Badakshani, Alexander Hoh, Tanja
Osterhage and Prof. Müller attend the LowEx
Symposium, Kassel

07

First work day of Karam Amara

September 2009
20-22

Kristian Huchtemann and Corinna Leonhardt attend the
Modelica Conference in Como, Italy

14-17

Inga Eggers, Peter Matthes, Jana Panašková, Rita
Streblow and Prof. Müller attend the Healthy Buildings
conference in Syracuse, NY, USA

03

First day in the new building

01-02

Internal seminar of the institute

Move into the new building
august 2009
14

Outgoing of the institute

01

First work day of Azadeh Hosseini Badakhshani

Chronicle

83

July 2009
08

Some members of the institute take part at
Lousberglauf

june 2009
30-02

Peter Matthes, Tanja Osterhage, Rita Streblow and
Prof. Müller attend the EnOB Seminar in Würzburg

24

The soccer team “Energielücke” takes part at the
RWTH soccer cup

16

The institute opens its doors at the “Studieninformationstag”

10

The staff of EBC informs about research work at the
institute at the DIES

Rafting during the institutes outgoing

May 2009
24-27

Claudia Kandzia, Alexander Hoh, Martin Schmidt and
Rita Streblow attend the Roomvent Conference in
Busan, Korea

March 2009
16

First work day of Sidney Baltzer

EBC soccer team
February 2009
19

The institute celebrates carnival

january 2009
15

Students get informed about the work at the institute

84

Chronicle

First work day of Gesine Arends, Davide Calí and
Henning Freitag

85

Institute For Future
Energy Consumer needs
and Behavior

Univ. - Prof. Dr. Reinhard Madlener

Preface
Time flies, if measured by the fact that this is already the
second Annual Report of the Institute for Future Energy Consumer Needs and Behavior (FCN), established only in June
2007. The year 2009 has again been a very interesting, important and successful year in the development of the young
research institute. The course of the year has been strongly
influenced by the rapid growth of the institute (and the entire center!), in particular the hiring of several talented young
post-doc and junior researchers, as well as by the move into
the brand new Interim Building, of which everybody seems
to be very proud of and that enables a much closer collaboration among the five institutes on a daily basis.
The removal of FCN to the new E.ON ERC location in early
September was actually very smooth, thanks to excellent preparatory planning and the many helping hands of the FCN
team. The initial location now serves as the FCN City Branch
Office (FCN-CBO). It facilitates the provision of services to
students (office hours), preparation of lectures and meetings,
contact with the Faculty of Business and Economics, development of the new laboratory for experimental economics
(AixPeriments) in the not-too-distant Lochnerstraße, and the
organization of various other activities in the central area of
the university. It also provides some reserve room capacity
for the further expansion of FCN until the E.ON ERC Main
Building is ready.
Collaboration with the other four, also steadily growing E.ON
ERC institutes, has been much fun, providing further evidence
of the usefulness and fruitfulness of the forward-looking, integrated and interdisciplinary excellence concept of the E.ON
ERC that matches perfectly with the 2020 Vision of the university as a whole.
In the course of 2009, teaching activities have been broadened, and the number of students attracted has risen further
(in the case of the Energy Economics course the number of
registered students increased by a factor of 2.5 to over 100!).
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Preface

The course in Environmental Economics, which had to be
developed from scratch, has been offered for the first time
and was very well received, as were again the seminars on
the Economics of Technological Diffusion and on Financing
of Energy Investments, respectively. Also worth mentioning
is the new 2-day seminar on Behavioral Economics and the
re-conceptualized lecture on Economics of Technological Diffusion. Several courses have been offered in English, thus
also attracting international mobility students, and enabling
domestic students to practice their English language skills.
Preparations are currently underway for a new course on Advanced Energy Economics, offered annually during the summer semester, whereas the focus of the lecture on the Economics of Technical Change will be shifted somewhat more
towards Infonomics (i.e. the Economics of ICT).
Much of the research undertaken at FCN by students at all
levels has been highly successful this year in qualitative
terms, and strongly expanded in quantity (e.g. completion of
some 20 study theses, 3 bachelor theses, 12 diploma or master’s theses – compared to 6 study and 6 diploma theses in
2008). Naturally, the supervision of the student research has
also consumed a considerable amount of time.
The catalogue of research topics tackled has been widened
again, and now also comprises topics such as the economics
of compressed air energy storage, risk management of offshore wind power plants, the economics of and framework
conditions for marine technologies, economic issues related
to concentrating solar power, and some more. In addition,
two strategically important and intriguing new research areas will be taken up at FCN in 2010: (1) spatial econometric
modeling and (2) laboratory experiments on behavioral aspects of energy use.
In addition to all the ongoing research projects, two new research projects have been acquired in 2009: a Special Study
for the Sectoral eBusiness Watch of the European Commis-

sion on “Measuring and Metering Facilities as Enabling Technologies for Smart Grids” (first project elaborated jointly with
ACS!), successfully completed in November, and an E.ON ERC
foundation project on “Understanding Energy Consumer Behavior through Economic Laboratory Experiments” launched
in January 2010.

of Energy/Edward Elgar), and at least two more are planned
for 2010 (Handbook of Sustainable Use of Energy; Handbook
of Power Generation: CO2). Finally, a book chapter on cost
reductions in space heating and cooling technologies could
be finished that will appear in a new book on technological
learning in the energy sector (Edward Elgar).

Promising new research cooperations have been started,
and several confidentiality agreements signed, with potent
industry partners, including (in alphabetical order) En.BW,
E.ON, Evonik, Hitachi, RWE, and Siemens WindPower, up to
now mainly within the framework of collaborative student
research. Moreover, a new and very interesting industrial cooperation with Panasonic has been commenced that also
involves three other E.ON ERC institutes, which is a great opportunity also for further developing in-house collaborations.

The number of research staff at FCN could be expanded a
great lot. Christiane Rosen (ICT), Gesine Arends (engineeringeconomics of buildings; link to EBC), Gaurav Ghosh (spatial
and experimental economics), Miguel Alva-Gonzalez (urban
traffic and local pollution), and Giovanni Sorda (bioenergy
markets) joined the team, whereas Daniel Knörzer, unfortunately, decided to take up an industrial position with E.ON
Energie in Munich.

The last year has also been quite fruitful in terms of publications. Specifically, in November, a total of twelve new research papers could be incorporated in the FCN Working
Paper Series (compared to five in 2008), documenting ongoing research and serving as a fast-lane publication channel.
Also, several papers were presented at international conferences (SET 2009, IAEE 2009, INGAS 2009, INFORMS 2009, EURO
2009, European Biomass & Bioenergy Conference etc.), thus
maintaining the international visibility of FCN-E.ON ERC and
safeguarding some networking with other researchers and
organizations focusing on similar research topoics. As a special highlight, I had the honor to give a well-received dual
plenary presentation on the economics of energy efficiency
and the rebound effect at the European Conference of the
International Association for Energy Economics (IAEE 2009)
in Vienna, Austria. As a consequence, a talk in the plenary session on Energy Efficiency has already been requested for the
2010 European Conference of the International Association
for Energy Economics (IAEE European 2010) in Vilnius, Lithuania. Regarding book publications, two chapters in important
reference books could be published (Handbook of Utility
Management/Springer-Verlag; Handbook of the Economics

Several of the PhD candidates, including the external ones
Martin Achtnicht, Günther Westner and Richard Lohwasser,
have made considerable progress in their doctoral research
throughout 2009, and newly adopted ones have developed
their research concepts, among them Joachim Lang and Maria Garbuzova. Tobias Paulun received his PhD with honors,
and Sten Endter will hopefully finish his PhD in early 2010. Besides, on invitation by Kornelis Blok, I have had the honor to
act as External Examiner in the PhD defense of Martin Weiss
at Utrecht University.
From a personal perspective, the year 2009 has been a highly
successful but also very, very labor-intensive year. The foundation is now laid for the further, mainly qualitative development of the FCN, and for undertaking high-level and topical
research mainly on energy economics and behavioral aspects.
The two new research streams – laboratory experiments in
energy economics and spatial energy economics – will give
new stimulus.

Aachen, January 2010
Reinhard Madlener

CONTACT
Prof. Dr. rer. soc. oec. Reinhard Madlener,
Chair of Energy Economics and Management
Director FCN
Mathieustraße 6
52074 Aachen
Germany

T +49 (0)241 80 49820
F +49 (0)241 80 49829
rmadlener@eonerc.rwth-aachen.de

Preface
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Organization Chart
DIRECTOR FCN
Reinhard Madlener
Chair of Energy Economics and Management

SECRETARIAT, FCN LIBRARY

IT SUPPORT

Sabine Schill

8 STUDENT ASSISTANTS

RESEARCH ASSOCIATES

EXTERNAL RESEARCHERS

Miguel Ángel Alva González

MartinAchtnicht

Gesine Arends

Stefan Ehrhardt

Ronald Bernstein

Sten Endter

Gaurav Ghosh

Joachim Lang

Barbara Glensk

Richard Lohwasser

André Hackbarth

Günther Westner

Marjolein Harmsen-van Hout
Daniel Knörzer
Christian Michelsen
Christiane Rosen
Giovanni Sorda
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Organization Chart

Members of Staff

Prof. Dr. Reinhard
Madlener

Dr. Miguel Ángel
Alva González

Dr. Gesine
Arends

Dr. Gaurav Ghosh

Dr. Barbara Glensk

Dr. drs. Marjolein
Harmsen-van Hout

Dipl.-Vw.
Ronald Bernstein

Dipl.-Vw.
André Hackbarth

Dipl.-Wirt.-Ing.
Daniel Knörzer

Dipl.-Vw. Christian
Michelsen, M. Sc.

Christiane Rosen,
M. Sc.

Giovanni Sorda,
M. Phil.

Dipl.-Biol.
Sabine Schill

Graduate student assistants
Nico Dehnert, Daniela Haider, Martin Hennebrüder, Andreas Palzer, Jens Pöpperling,
Jonas Schmidtke, Steffen Sirries, Yasin Sunak.

Members of Staff
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FCN Working Paper Series
The FCN Working Paper Series was launched in fall 2008.
Since then, five papers were published in 2008 and twelve
in 2009, and several more papers are already waiting in the
pipeline. The FCN Working Papers are published by Prof.
Madlener as Editor-in-Chief, and listed in the SSRN (www.
ssrn.com) and the RePEc (http:// ideas.repec.org) paper

depositories. As Figure 1 shows, the attention by the scientific community so far has been remarkably high. Instead
of launching a separate FCN Research Report / FCN Forschungsberichte series, the decision was taken to use the
new E.ON ERC Report series instead.

2009
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Madlener R., Mathar T. (2009). Development Trends and Economics of Concentrating Solar Power Generation Technologies: A Comparative Analysis, FCN Working Paper No. 1/2009,
Institute for Future Energy Consumer Needs and Behavior,
RWTH Aachen University, November.

Kraemer C., Madlener R. (2009). Using Fuzzy Real Options
Valuation for Assessing Investments in NGCC and CCS Energy Conversion Technology, FCN Working Paper No. 3/2009,
Institute for Future Energy Consumer Needs and Behavior,
RWTH Aachen University, November.

Madlener R., Latz J. (2009). Centralized and Integrated Decentralized Compressed Air Energy Storage for Enhanced
Grid Integration of Wind Power, FCN Working Paper No.
2/2009, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, November.

Westner G., Madlener R. (2009). Development of Cogeneration in Germany: A Dynamic Portfolio Analysis Based on the
New Regulatory Framework, FCN Working Paper No. 4/2009,
Institute for Future Energy Consumer Needs and Behavior,
RWTH Aachen University, November.

Working Papers

Westner G., Madlener R. (2009). The Benefit of Regional
Diversification of Cogeneration Investments in Europe: A
Mean-Variance Portfolio Analysis, FCN Working Paper No.
5/2009, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, November.
Lohwasser R., Madlener R. (2009). Simulation of the European Electricity Market and CCS Development with the
HECTOR Model, FCN Working Paper No. 6/2009, Institute
for Future Energy Consumer Needs and Behavior, RWTH
Aachen University, November.
Lohwasser R., Madlener R. (2009). Impact of CCS on the Economics of Coal-Fired Power Plants – Why Investment Costs
Do and Efficiency Doesn’t Matter, FCN Working Paper No.
7/2009, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, November.
Holtermann T., Madlener R. (2009). Assessment of the Technological Development and Economic Potential of Photobioreactors, FCN Working Paper No. 8/2009, Institute for
Future Energy Consumer Needs and Behavior, RWTH
Aachen University, November.

Ghosh G., Carriazo F. (2009). A Comparison of Three Methods
of Estimation in the Context of Spatial Modeling, FCN Working Paper No. 9/2009, Institute for Future Energy Consumer
Needs and Behavior, RWTH Aachen University, November.
Ghosh G., Shortle J. (2009). Water Quality Trading when Nonpoint Pollution Loads are Stochastic, FCN Working Paper No.
10/2009, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, November.
Ghosh G., Ribaudo M., Shortle J. (2009). Do Baseline Requirements hinder Trades in Water Quality Trading Programs?,
FCN Working Paper No. 11/2009, Institute for Future Energy
Consumer Needs and Behavior, RWTH Aachen University,
November.
Madlener R., Glensk B., Raymond P. (2009). Investigation of
E.ON’s Power Generation Assets by Using Mean-Variance
Portfolio Analysis, FCN Working Paper No. 12/2009, Institute
for Future Energy Consumer Needs and Behavior, RWTH
Aachen University, November.

Working Papers
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Teaching
Winter Semester 2008/09
•
•
•
•

Lecture (L2/R2) on 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 Technological Change:
An Empirical Perspective

Simon Stoverink
Kraftwerksinvestitionen im türkischen Strommarkt - Ein Realoptionsansatz unter Berücksichtigung der Marktliberalisierung (5/2009 - 11/2009)
Jona Knoke
Transfer regenerativer Energietechnologien in Entwicklungsländern für eine nachhaltige Entwicklung (7/2009 11/2009)

Summer Semester 2009
•
•
•

•
•

Lecture (L2/R2) on Environmental Economics
Lecture (L2/R2) on Economics of Technological Change
Lecture (L2) on Neuere Verfahren der Thermischen Verfahrenstechnik (in cooperation with Lehrstuhl für Thermische Verfahrenstechnik)
Seminar (S2) on Behavioral Economics: Selected Topics
Seminar (S2) on the Restraint of Finiteness - Energy
Technologies from an Economic and Social History Perspective

Winter Semester 2009/10
•
•
•
•

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

DISSERTATION
Tobias Paulun
Simulation der langfristigen Entwicklung des europäischen
Elektrizitätsmarktes (completed May 2009)
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Désirée Sottek
Infrastrukturkosten von Ladestationen für Elektromobilität in
Deutschland (7/2009 - 10/2009)
Andrea von Avenarius
Market and Value Chain Analysis of Residential Heating Systems: The Case of Wood-Pellet Boilers, Electric Heat Pumps
and Gas-Condensing Boilers in Germany (6/2009 - 9/2009)
Roman Höller
Mutual Influence of Private Investments and Public Policy
in Renewable Energy Promotion: A Comparative Study for
Australia and Germany (6/2009 - 9/2009)
Arvid Meierjohann
Wirtschaftliche Bewertung innovativer Möglichkeiten der
externen Wärmenutzung bei landwirtschaflichen Biogasanlagen (6/2009 - 9/2009)
Andreas Lüschen
Betriebswirtschaftliche Bewertung der Biomassemitverbrennung in neuen Steinkohlekraftwerken zur Reduktion
fossiler CO2-Emissionen (3/2009 - 6/2009)

diploma theses

Onur Özer
Spartenübergreifendes Management von Energie und Wasserverbrauchsdaten zur Verbrauchssteuerung: Eine Untersuchung des Status Quo im Markt für intelligente (Sub-)
Zähler (3/2009 - 6/2009)

Eckhard Anton
Wirkung öffentlicher Akzeptanz auf die Realisierbarkeit von
Großkraftwerken (09/2009 - 12/2009)

Stephan Sicking
Assessing the Economic Potential of Microdrilling in Geothermal Exploration (2/2009 - 5/2009)

Christian Ernst
Wirtschaftlichkeitsanalyse von Plug-in Hybridfahrzeugen in
Deutschland (9/2009 - 12/2009)

Markus Kunter
Plug-in Hybrids & Demand-Side Management - Chancen
und Risiken für Energieversorgungsunternehmen (1/2009 4/2009)

Teaching and Student Research

Helga Breuer
Frischer Wind aus dem Osten - die Entwicklung des europäischen Windenergiemarktes (8/2008 - 4/2009)
Lena Siegers
Bewertung von Offshore Windkraftanlagen unter Berücksichtigung von Aspekten des Risiko-Controllings (7/2008 - 1/2009)

STUDY THESES
Marcel Schmidt
Smart Lighting - Energieeffizienz mit Haken? Licht und Schatten innovativer Energietechnologien (8/2009 - 11/2009)
Ozan Daldal
Effekte der Urbanisierung auf die Energienachfrage in Industrieländern (8/2009 - 11/2009)
Andreas Roehder
Entwicklung eines mehrstufigen Stromtarifs zur dynamischen
Preisbildung - Anwendung des Smart Metering in Privathaushalten (7/2009 - 10/2009)
Annegret Schäfer
Lead-Märkte innovativer Heizungstechnologien in Europa Eine Untersuchung und Analyse ausgewählter Länder der EU
(7/2009 - 10/2009)
Jingxuan Zhang
Application of the Capital Asset Pricing Models in Energy Markets (7/2009 - 10/2009)
Stefan Rieks
Effizienzabschätzung der Solarthermienutzung und wirtschaftliche Bewertung mittels Lernkurven (4/2009 - 9/2009)
Maximilian Haverkamp
Energetische und ökonomische Amortisationsdauer und Rendite ausgewählter innovativer Energiewandlungstechnologien
im privaten Haushaltssektor (5/2009 - 8/2009)
Marco-Fabian Inacker
Analyse und Quantifizierung des Rebound-Effektes im zivilgewerblichen Luftverkehr (5/2009 - 8/2009)
Stefan Mainka
Berücksichtigung von Lernkurven im e3.at-Modell (5/2009 8/2009)

Elmar Pohl
Diffusion der Biogastechnologie mit Kraft-Wärme-Kopplung
in der Region Niederrhein unter Berücksichtigung von lokalen
Wärmesenken: Ein Multi-Agenten-Modell (5/2009 - 8/2009)
Jens Teichmann
Photovoltaiknutzung der privaten Haushalte: Technologien,
Marktpotentiale, Wirtschaftlichkeit und Entwicklungstrends
(5/2009 - 8/2009)
Sebastian Schild
Geschäftsmodelle für Plug-in Hybridfahrzeuge (4/2009 7/2009)
Hauke Hinrichs
Liberalisation of Germany‘s Electricity System and Prospects
for the Unbundling Process: Historical Perspectives and Outlook (4/2009 - 7/2009)
Christopher Breuer
Auswirkungen dezentraler Einspeisungen auf die
Wirtschaftlichkeit von Großkraftwerken (1/2009 - 4/2009)
Moritz Warnecke
Der Einfluss von Materialknappheiten auf die Marktdiffusion
innovativer Energietechnologien (1/2009 - 4/2009)
Christian Kraemer
Investitionsentscheidungsfindung zwischen GuD- und CCSKraftwerkstechnologien (1/2009 - 4/2009)
Ivo Erler
Diffusion of Photovoltaic Technology in Germany and the importance of Public Policy Programs (12/2008 - 3/2009)
Engin Furuncu
Einfluss der Energiepolitik auf den Verlauf von Lernkurven:
Untersuchungen am Beispiel von Photovoltaik und Biomassetechnologie (11/2008 - 05/2009)
Timm Holtermann
Assessment of the Technological Development and Economic Potential of Photobioreactors (10/2008 - 1/2009)
Elena Lingen
Wirtschaftliche Optimierung der Biogasanlage auf dem
Kusenhof in Wankum mit Schwerpunkt Abwärmenutzung
(10/2008 - 1/2009)

Teaching and Student Research
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Economic Impacts of Sustainable
Energy Consumption (“e-co”)
The research project “e-co” analyzes the effects of sustainable energy consumption on the economy, environment and
society that arise by following the goals stipulated in Austrian energy and climate policies until the year 2020. For this
analysis different scenarios are simulated and evaluated
through a sophisticated environment-energy-economy (e3)
model that is based on the energy and input-output balances of Austria, and that has a particular focus on renewables,
the energy efficiency of the housing stock, and consumer
behavior.

and experts) in the fields of energy policy and energy supply
have actively been involved in the scientific work in order
to enrich the scientists’ and experts’ research and decision
process by their experiences, knowledge and preferences.
The project thus contributes to the alliance between science and practice by supporting the dialogue between
stakeholders and scientists and by increasing the transparency of the modeling process.

The project e-co analyzes the effects of sustainable energy consumption on the economy, the environment and
the society. For this analysis different scenarios have been
developed and simulated for Austria until 2020. The results
indicate the technologies, strategies and measures to reach
Austria’s energy and climate policy goals in a socially balanced, cost-effective and ecologically beneficial way and
thus provide political actors with a broad basis for future
decisions.

In order to cover the main aspects of sustainable energy
consumption the following five scenarios have been developed:

The project’s methodology builds on the development, modeling and evaluation of several scenarios which consider all
three cornerstones for a reorientation towards sustainable
energy consumption: the increase of renewable energy, the
increase of energy efficiency and the reduction of energy
consumption in private households. These three approaches complement each other and only a combination of all of
them may enable the sustainable development of energy
consumption. Due to the interactions and feedback reactions between various measures it is of great importance to
analyze them within an integrative framework.
The scenarios are simulated through an integrated environment-energy-economy model for Austria (e3.at), which
has been updated and adapted within the e-co project. The
macroeconomic multi-sector simulation model poses an
appropriate tool for analysis by explicitly and consistently
considering the complex and diverse interactions between
the various sectors of the economy. The effects of the scenarios on the economy (incl. the foreign trade balance),
the environment and on the labor market can thus be displayed in great detail. The results can be used to evaluate
the different scenarios of future developments. Based on
these scenario evaluations policy recommendations can
be formulated on how to best reconcile sustainable energy
consumption.
For the processes of scenario development, modeling and
evaluation a selection of stakeholders (lobbyists, politicians
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Scenarios considered

1.

The reference or Business-as-Usual Scenario describes
the probable economic development, assuming no
new political measures.

2.

The Renewables Scenario assumes that the economic
potential of renewable energies will be exploited. Measures such as R&D investment and changes in the support of green electricity are proposed in order to reach
the 34% goal for the share of renewable energies in
final energy consumption.

3.

The intention of the Efficiency Scenario is a 20% increase in (primary) energy efficiency through technical
measures and investments regarding heat and power
demand of private households.

4.

The Behavior Scenario aims to show changes in consumer behavior which will reduce energy consumption
without (significant) technical measures or investment.

5.

The Integrated Scenario uses all parameters from the
three previous scenarios and thus includes interactions
and feedback reactions.

Project status and research undertaken at FCN
FCN work has mainly focused on the development of storylines and their translation into quantitative scenarios,
mainly for the energy efficiency and renewable energy scenarios. Moreover, learning rates have been determined for
all energy conversion technologies covered by the model,
both innovative and established ones. Especially for the Renewables Scenario, learning rates of up to 20% are shown
to have an important influence on the cost structure of energy supply.

Within the Efficiency Scenario, which depicts primary energy demand reduction in residential households, the largest influence besides the reduction of heat demand of
newly-built homes is energy-efficient renovation of existing
buildings. Cost-benefit relations have been described for
different age classes and renovation standards, and a quantitative model for the effects arising from the replacement
of heating systems has been developed.
The project concludes with a final stakeholder workshop in
early 2010, where the main modeling results are presented
and discussed, as well as a detailed final report and scientific paper derived thereof.
References:
Stocker A., Grossmann A., Madlener R., Wolter M. I. (2008).
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 M. I., Madlener R. (2008).
Erneuerbare Energie in Österreich: Modellierung möglicher
Entwicklungsszenarien bis 2020, Endbericht zu Energiesysteme der Zukunft (EdZ) Projekt Nr. 810709, April 2008.
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.
Supervised student research:
Mainka S. (2009). Berücksichtigung von Lernkurven im e3.atModell (Incorporation of Learning Curves in the e3.at Model; in German), Study thesis, Chair of Energy Economics and
Management, Faculty of Business and Economics, RWTH
Aachen University.

Fig. 2: Achievement of the 34% renewables target within
the Renewables Scenario – preliminary results
Source: own illustration

Fig. 1: Modeling final energy demand
Source: Stocker et al. (2008)
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Consumer-to-Consumer NETWORK FORMATION AND
MODULARIZED CHOICE
FCN is currently also working on three self-funded research
projects that focus on consumer-to-consumer (C2C) communication networks and consumer choices regarding modularized energy technologies and systems. Amongst other
and mostly very recent literature, this research applies issues and methods tackled in Harmsen–van Hout (2009) and
working papers derived from it (Harmsen–van Hout et al.,
2010a, 2010b) to the consumer side of energy markets.
1. Competitive technology diffusion by endogenously and strategically formed networks
The diffusion of new technologies among consumers is an
important phenomenon in energy economics. Hereby it is
relevant that we live in a dynamic society, where people can
switch between technologies as well as interaction partners. Therefore, we are developing a game-theoretic model
of competitive technology diffusion where consumers endogenously and strategically form social interaction networks. For this purpose, we are currently writing a review of
the growing literature stream on coordination games with
endogenous network formation (e.g., Jackson and Watts,
2002). Thereafter, we will examine whether we can add to
this literature by focussing on particular characteristics of
the diffusion of competing technologies. Moreover, our results should assist providers of new energy technologies
with a better understanding of their diffusion processes.
2. Consumer communication about energy saving in
online discussion fora
Much about energy saving by consumers can be learned
from what they tell each other about it in online discussion fora. Therefore, we are currently in the data collection
stage of an extensive case study on the discussion platform
www.energiesparhaus.at (see Figure 1). For example, we are
visualizing its communication structure among consumers
on several (levels of) subtopics with various methods of social network analysis (e.g., Trier, 2008). An illustration is given in Figure 2. Thus we intend to gain new insights into the
dynamic characteristics of online consumer communication
fora as well as into the topical issue of consumer energy
saving and how this can be facilitated by such inexpensive
online communication platforms.
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3. Consumer choices of packages of energy-saving
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 are investigating 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 measures, enabling
modularized choice among consumers and mass customization among suppliers. Currently, we are collecting information necessary to generate realistic scenarios for the
planned conjoint choice laboratory experiments. Hereby we
aim for adding to the literature on behavioral effects and
heuristics in consumer choice and for supporting parties
engaged in mass customization of energy-saving measures
in residences.
References:
Banfi S., Farsi M., Filippini M., Jakob M. (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. Doctoral Dissertation. Maastricht: University Press.
Harmsen–van Hout M. J. W., Dellaert B. G. C., Herings P. J. J.
(2010a). Behavioral Effects in Individual Decisions of Network Formation. FCN Working Paper, forthcoming.
Harmsen–van Hout M. J. W., Herings P. J. J., Dellaert B. G. C.
(2010b). The Structure of Online Consumer Communication
Networks. FCN Working Paper, forthcoming.
Jackson M. O., Watts A. (2002). On the Formation of Interaction Networks in Social Coordination Games. Games and
Economic Behavior 41(2), 265-291.
Trier M. (2008). Towards Dynamic Visualization for Understanding Evolution of Digital Communication Networks. Information Systems Research 19(3), 335-350.

Fig. 1: Screenshot of discussion forum www.energiesparhaus.at, taken on 29 October 2009
Source: own illustration

Fig. 2: Visualization of the communication structure among consumers on the topics (left) “Rika Memo” (concerning a
particular wood heating system) and (right) “Infrarotheizung” at discussion platform www.energiesparhaus.at during 2008
Source: own illustration
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Modeling the Diffusion of Competing Residential
Heating Systems
Residential heating accounts for some 75% of the total final
residential energy demand in Germany. It is mainly based
on the fossil fuels oil and gas and, therefore, connected to
concerns regarding volatile energy prices, security of energy
supply and environmental impact. Against this background,
innovative residential heating systems (RHS) came into the
focus of policy-makers and private homeowners in the past
years. Due to the obligation to use a certain amount of renewable heat in newly-built homes, homeowners today basically have the choice between the gas- or oil-fired condensing
boiler in combination with solar thermal collectors, the electric heat pump and the wood pellet-fired boiler. All of these
competing RHS provide the same output in the form of thermal comfort; however, they have significant differences in
their economic, environmental and technical characteristics.
Since the decision context is more or less homogeneous for
most homeowners, in particular personal-sphere elements,
such as attitudes or norms which are shaped by perceptions
about the economic framework conditions, seem to play a
role in the adoption process of an innovative RHS.

will empirically research the homeowner’s adoption decision by developing and implementing a survey for the case
of Germany. We plan to analyze the collected data with multivariate analysis methods (e.g. structural equation modeling) in order to identify significant factors determining the
individual adoption decision. In the final step, we will then
apply our theoretical framework and the findings from the
empirical analysis for investigating the diffusion of RHS
over time by means of a multi-agent simulation.

Against this background, the aim of this research project
is to investigate the dynamics of personal-sphere determinants and perceived economic factors in the adoption and
diffusion process of RHS from an economic psychological
and behavioral economics perspective. Studying the homeowner’s adoption decision can contribute to a better understanding of the role of behavioral aspects in the individual
adoption decision and the diffusion process of competing
innovative energy technologies as a social network phenomena arising from various individual decisions.

Our research is complemented by an analysis of the past
diffusion dynamics of innovative RHS in selected European
countries. This includes a research report with descriptive
statistics on past diffusion dynamics. Moreover, a study
thesis on lead markets for innovative RHS in Europe and a
bachelor thesis on the market structure and value chain of
RHS in Germany were supervised in 2009.

In the first step of our research, we develop an integrated theoretical framework for assessing the homeowner’s
adoption decision in favor of an innovative RHS. Using an
attitude-based theory (Theory of Planned Behavior; Fishbein and Ajzen, 1975; Ajzen, 1991) as a starting point, we
propose a framework that explicitly accounts for perceived
economic factors and personal-sphere determinants. This
allows deriving hypotheses for empirical research and gaining a deeper understanding of the role of the homeowner’s
attitudes and behavior as well as the influence of perceived
economic factors in the adoption process. As a next step, we
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Achievements so far include an FCN working paper on the
integrated theoretical framework containing a description
of the background to the case of Germany and a review of
the literature on behavioral aspects related to technology
adoption decisions. Our theoretical framework shows that
perceptions about economic factors such as investment
costs, energy prices or subsidies shape personal-sphere determinants of the adoption decision in favor of a specific
RHS. Moreover, we have designed a questionnaire for the
planned survey among homeowners in Germany.

Next steps in this research include a pre-test and the final
preparation of the questionnaire (spring 2010), the execution of the survey (summer 2010) and data analysis (fall
2010). Based on the theoretical and empirical insights, we
will develop and implement a multi-agent simulation model
for investigating possible future diffusion dynamics (2011).
We plan to develop at least three scientific articles: (i) the
integrated theoretical framework for investigating the homeowner’s adoption decision in favor of a specific type of
RHS, (ii) insights from the survey on RHS adoption among
homeowners in Germany, and (iii) the agent-based simulation of possible future diffusion dynamics of RHS in Germany.

References:

Supervised student research (selection):

Ajzen I. (1991). The theory of planned behavior, Organizational Behavior and Human Decision Processes 50: 179-211.

Schäfer A. (2009). Lead Markets for Innovative Residential
Heating Technologies – A Survey and Analysis of Selected
Countries in the EU, Study thesis, Chair of Energy Economics and Management, Faculty of Business and Economics,
RWTH Aachen University.

Fishbein M., Ajzen I. (1975). Belief, Attitude, Intention and
Behavior: An Introduction to Theory and Research, AddisonWesley, MA.
Michelsen C., Madlener R. (2010). An Integrated Framework
for Assessing the Determinants of Homeowner’s Adoption
Decision in Favor of an Innovative Residential Heating System, FCN Working Paper, forthcoming.

von Avenarius A. (2009). Market and Value Chain Analysis
of Residential Heating Systems: The case of wood-pellet
boilers, electric heat pumps and gas-condensing boilers in
Germany, Bachelor thesis, Chair of Energy Economics and
Management, Faculty of Business and Economics, RWTH
Aachen University.

Sunak Y., Michelsen C., Madlener R. (2010). Descriptive Statistical Analysis of the Diffusion Dynamics of Residential
Heating Systems in Selected European Countries, EON ERC
Research Report, forthcoming.

Fig. 1: Diffusion of innovative residential heating systems in selected European
countries in 2008
Source: own illustration
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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, because such a linkage can offer manifold advantages. The major benefit would lie in a reduction of CO2 emissions by means of reducing oil-based fuel
consumption in the transport sector and increasing electricity generation from volatile renewable energy sources using
electric vehicles as active storage systems in the grid. With
this in mind plug-in hybrid electric vehicles (PHEVs) offer the
possibility to achieve these objectives with present technology and acceptable costs, because they enable automobile
drivers to switch to partial electric driving, without having
the limitations concerning the driving range of full-electric
cars. However, a transition to electric mobility strongly depends on consumer acceptance.
In this project we primarily aim at assessing consumer acceptance of alternative fuel vehicles (AFV) in general and
PHEVs in particular. The overall acceptance of new technologies is driven by technical factors, legal framework
conditions and notably economic aspects, and personality
variables, which all are highly interrelated. Firstly, we will
condense the variables that strongly influence consumer
decision processes based on behavioral economic and socio-psychological theories – e.g. (1) vehicle attributes, like
purchase price and maintenance costs (also depending on
the business model), density of the recharging infrastructure and CO2 emissions/km; (2) governmental framework
conditions like investment subsidies or CO2 tax remedies;
(3) demographic variables; and (4) personality variables like
attitudes towards the environment and technology and the
participants‘ lifestyles. Secondly, we will derive hypotheses
regarding the impact of the mentioned factors on individual vehicle choice decisions from the considered theoretical
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models. Thirdly, we will empirically test these hypotheses in
a customer-oriented survey using a discrete choice framework in combination with a socio-psychological questionnaire. Furthermore, the survey results will lay the seeds for
forecasting probable future adoption of alternative fuel
vehicles. Hence, we will consider different scenarios with
regard to governmental action.
A further goal of this project will be the assessment of the
cost effectiveness of PHEVs in general and particularly of
using the batteries of mass market PHEVs as storage devices for electrical energy that can be used to stabilize
the electric grid and thus yield on a secondary economic
benefit. Therefore, suitable business models for the usage
of idle PHEVs as storage devices will be investigated, because 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 the coming years, taking into
account lifetime predictions for the batteries that depend
on the operating profile. In addition, we will evaluate typical
investment costs for equipping large parking lots of companies, shopping centers, universities, etc. with the charging
infrastructure needed for plugging-in the vehicles.
Only when taking all these economic, behavioral, infrastructural and social aspects into account, we will be able to
identify the benefits and additional costs faced by the main
parties engaged in PHEV market. A successful market introduction can be achieved only if a win-win situation can be
realized that incentivizes the actors to cooperate. The focus
of our study is primarily on the German market.

References:
Hackbarth A., Schürmann G., Madlener R. (2009). Plug-in
Hybridfahrzeuge: Wirtschaftlichkeit und Marktchancen verschiedener Geschäftsmodelle, Energiewirtschaftliche Tagesfragen, 59 (7): 60-63.
Supervised student research (selection):
Ernst C. (2009). Wirtschaftlichkeitsanalyse von Plug-in Hybridfahrzeugen in Deutschland (Cost Effectiveness Analysis
of Plug-in Hybrid Electric Vehicles in Germany; in German),
Diploma thesis, Chair of Energy Economics and Management, Faculty of Business and Economics, RWTH Aachen
University.

Ernst C., Hackbarth A., Lunz B., Madlener R., Sauer D. (2010).
Economic Analysis for Plug-in Hybrid Electric Vehicles in
Germany, Proceedings of the 2nd Technical Conference
„Advanced Battery Technologies for Automobiles and Their
Electric Power Grid Integration“, 1-2 February 2010, Mainz,
Germany.
Schild S. (2009). Geschäftsmodelle für Plug-in Hybridfahrzeuge (Business Models for Plug-in Hybrid Electric Vehicles; in German), Study thesis, Chair of Energy Economics and Management, Faculty of Business and Economics,
RWTH Aachen University.

Fig. 1: Cost savings of a PHEV compared to a conventional vehicle until 2020 for different battery
sizes (4, 12 and 20 kWh) and the associated payback periods for two different battery price scenarios
(500 and 1000 €/kWh)
Source: Ernst et al. (2010)
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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 a better understanding of the mechanisms of the energy markets is an important issue. Specifically, 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,
to enable a more environmentally and socially benign use
of energy in the future, and to provide guidance for policy
design.
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). 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 the rebound effect
(measuring the extent at 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) and the analysis of structural change
in the residential sector (e.g. caused by an aging society) on
energy consumption (see also p.34).
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 decision-makers 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 energy policy makers. This is all the more surprising
in view of dynamic structural changes in the energy mar-

kets 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 research 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. (2010). Impact of Disaggregated
ICT Capital on Electricity Intensity in European Manufacturing, Applied Economics Letters, forthcoming.
Supervised student research (selection):
Schäfer A. (2008). Analysis of the Demand for Electricity and
its Expected Future Development in the Commercial and
Services Sector until 2035 from a European Perspective,
Study thesis, Chair of Energy Economics and Management,
Faculty of Business and Economics, RWTH Aachen University.

Fig. 1: Specification of the Vector-Error-Correction Model (VECM) used for determining energy demand elasticities by means of econometric estimation
Source: own illustration
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Fig. 2: Industrial sector data for the five largest EU member countries (France, Germany, Italy, Spain, UK), 1978-2005
Source: data from IEA/EU-KLEMS, own illustration
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Modeling the Spatial Diffusion
of Agricultural Biogas Plants
This research further develops an existing economic, GISbased multi-agent simulation model for investigating the
spatial diffusion of different sizes of agricultural biogas
plants (Madlener and Schmid, 2009). The model also tackles various options of distributing and using heat from
such plants and, as an illustration, is applied to selected
regions in Germany.
Agricultural biogas technology is an emerging renewable
energy technology for generating electricity and heat. In
Germany, the diffusion of this technology took off in the
late 1990s. In particular, the Act on Granting Priority to
Renewable Energy Sources (EEG) created favorable and
uniform investment conditions for agricultural biogas
plants in all federal states. However, there are differences
in the adoption and diffusion process among the 16 federal states. Hence it is interesting to study the historical
and expected future diffusion of biogas plants, and also
how competition for limited resources, such as available
land with high yields or the availability of heat sinks, can
affect the dynamics of market diffusion.
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 and Schmid 2008; Schmid and 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. To this end, 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, heat sinks transport costs – in each region explicitly into account. Our research is complemented by an
economic assessment of different biogas plant types and
heat utilization technologies as well as the development
of a database with space-oriented data on substrate po-
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tentials on the community level in the two federal states
selected for the analysis. In 2009, two sub-projects were
under way:
1. Diffusion of Agricultural Biogas CHP Technology in the Niederrhein Region: A Multi-Agent Simulation with a Focus on Heat Sinks and Innovative
Heat Storage Systems
In this subproject, we further develop the model for investigating the spatial diffusion of biogas technology in
Switzerland. In particular, we explicitly take the heterogeneity in the locally available substrates potentials and
heat sinks on the community level into account by means
of spatial data. Moreover, we use dynamic substrate and
heat cost functions. The data on substrate potentials and
heat sinks are derived with a bottom-up approach using
statistical agricultural databases and selected technical
parameters.
The model is applied to the Niederrhein Region (North
Rhine-Westphalia, Germany), where horticulture and animal breeding is widespread. The model-based analysis
spans over the time period 2007-2019 and considers three
different plant sizes (150, 500 and 1000 kWel) and four
different alternatives for dealing with the waste heat
produced during electricity generation (no-use, mobile
storage, local district heating, ORC process). The results
from the simulation show that (1) the existence of sufficient substrate potentials strongly effects the diffusion
process, while the availability of heat sinks only plays a
minor role; (2) especially larger plants benefit from heat
revenues, whereas small- and medium-sized plants can
be operated profitably already due to the high guaranteed feed-in tariffs; (3) the type of technology for heat
use is less relevant for the diffusion dynamics; and (4)
the total installed biogas capacity in the model region is
spatially widely dispersed and could reach some 40 MW
by 2019.

2. Economic Assessment of Innovative Approaches
For External Waste Heat Utilization in Agricultural Biogas PlantS
This subproject considers the economic efficiency of selected types of agricultural biogas plants in combination
with innovative approaches towards the external utilization of waste heat. Findings from this research show that
heat utilization technologies always improve the economic efficiency of a plant. Utilization of the waste heat
for agricultural purposes (e.g. drying of corn), local heating networks and biogas pipelines appear to be the most
interesting options from an economic point of view. The
optimal combination of biogas plant type and heat utilization technology depends on the distance between the
plant and heat sink. In particular for larger plants (e.g. 1
MW), heat utilization technologies significantly improve
the net present value. This implies that the importance
of heat utilization technologies increases with plant size.

Supervised student research (selection):
Meierjohann A. (2009). Economic Assessment of Innovative Approaches towards External Waste Heat Utilisation
in Agricultural Biogas Plants. Diploma thesis, Chair of
Energy Economics and Management, Faculty of Business
and Economics, RWTH Aachen University.
Pohl E. (2009). Diffusion of Agricultural Biogas CHP Technology in the Niederrhein Region: A Multi-Agent Simulation with a Focus on Heat Sinks and Innovative Heat
Storage Systems. Study thesis, Chair of Energy Economics and Management, Faculty of Business and Economics,
RWTH Aachen University.
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Madlener R., Schmid (2009). Spatial Diffusion of Biogas
Technology in Switzerland: A GIS-based Multi-Agent Simulation Approach, International Journal of Environment
and Pollution 39(1-2): 28-43.
Pohl E., Michelsen C., Madlener R., Knörzer D. (2009). Diffusion of Agricultural Biogas CHP Technology in the Niederrhein Region: A Multi-Agent Simulation with a Focus
of Heat Sinks and Innovative Heat Storage Systems, Proceedings of the 8th International Conference on Sustainable Energy Technologies (SET 2009), Aachen, Germany,
31 Aug – 3 Sep 2009 (Special Session on the „Economics
of Innovative Bioenergy Technologies“).
Schmid C., Madlener R. (2008). Diffusion der Biogastechnologie in der Schweiz: eine GIS-basierte MultiagentenSimulation, Zeitschrift für Energiewirtschaft 32(4): 271279.

Fig. 1: Simulated installed capacity (kW) and number of
biogas plants in the Niederrhein region in the year 2020
Source: FCN (Note: dots are illustrative only and do not represent the actual locations of the plants)
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Optimization of E.ON’s Power Generation
Portfolio with a Special Focus on Renewables
In light of the rapid increase in electricity demand and the
aging stock of existing power plants, substantial new investments and reinvestments in power generation capacities
are needed in the coming years. For the selection of suitable
technologies and their integration into the existing generation mix, and apart from taking into account the technical,
economic and societal aspects of the plants, it is also very
important to explicitly consider the financial risks related to
the various technologies and the achievable risk diversification in a portfolio of power plants.
This research project investigates how investment funds
should optimally be allocated in order to achieve the highest possible expected return from investing in a portfolio
of power generation assets at a chosen level of financial
risk. In particular, we focus on the role of new renewable
energy technologies added to the generation portfolio of
E.ON in various market regions. We start from the efficiency
frontier of the current electricity generation technologies
owned by E.ON in Germany, Sweden and the United Kingdom, and assess the contribution of different investment
options for achieving a risk-return-optimized future production portfolio.
The main goal of this research project is to analyze the efficiency of E.ON’s current combination of existing power
generation portfolios in different market units (see Fig. 1),
compared to the optimal (either minimum variance/risk
or maximum return) portfolios, with a particular focus on
the role of new but yet commercially available renewable
energy technologies. The second goal is to investigate the
impact of different new investment options for achieving
a risk-return optimized future production portfolio. An important element of our study is sensitivity analysis, which
sheds some light on the most influential factors affecting
the technologies’ expected returns.
The starting point for our research is Markowitz’s MeanVariance Portfolio Theory (Markowitz, 1952). The portfolio
optimization is undertaken for a rational investor trying to
attain either the power generation mix with the highest
expected or the least volatile expected return. Because of
certain limitations associated with the Markowitz approach
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when analyzing a more sophisticated energy provider’s expectations under alternative definitions of risk or profitability, we also conduct further investigations. In particular, we
push the state-of-the-art by looking at alternative portfolio
optimization methods, such as fuzzy portfolio optimization
and methods using downside risk measures (Glensk and
Madlener, 2010).
The study covers the major electricity generation technologies currently used by E.ON and other major players, such
as coal-fired, gas-fired and nuclear power plants, as well as
run-of-river hydro power plants (= basic portfolio). We then
investigate the relative impact of new renewable energy
technologies, such as photovoltaics as well as onshore and
offshore wind. The financial risks studied concern the development of fuel prices, the price of CO2 permits, and the
electricity price, among others.
The first results show the significant share of renewable
energy technologies in (stylized) optimal power generation
portfolios for the UK, Sweden, and Germany. The presented
results (Madlener et al., 2009a, 2009b), however, are still preliminary, and based on unrestricted portfolios, and hence
should be treated with caution. Particularly, the model adopted for calculating the expected returns is rather simplistic, and will be elaborated further as the project proceeds.
Alternative portfolio selection methods will be considered,
and contrasted to the standard approach by Markowitz in
the next steps of our research.
References:
Glensk B., Madlener R. (2010). Portfolio Selection Methods
and their Empirical Applicability to the Energy Market, FCN
Working Paper, forthcoming.
Madlener R., Glensk B., Raymond P. (2009a). Applying MeanVariance 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
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(IEWT 2009), 11-13 February 2009, Vienna, Austria.
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Fig. 1: Comparison of E.ON’s actual power generation portfolios in the UK, Sweden and Germany
Source: Madlener et al. (2009a)
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CO2 Free Power Generation from Nuclear Energy and
Renewables: Perceived and Actual Risks
This project aims at expanding the static approaches suggested in the literature to optimize portfolios of assets by
means of a dynamic portfolio approach, applied to the European electricity generation mix. Special attention is given to
the potential portfolio benefits of concentrating solar thermal power (CSP) generation and cogeneration. A second aim
of the project is to investigate public acceptance of various
energy conversion technologies by means of both desk research (literature review) and a questionnaire-based survey.
The power generation system in Europe today is still largely
based on fossil and nuclear energy sources, which have a
share of 76%. The consequences of this unsustainable energy mix are manifold. Probably the most urgent problem
is climate change, caused to a large extent by CO2 emissions arising from the combustion of fossil fuels for power
generation. Renewable energies like wind, photovoltaics,
biomass, geothermal, solar thermal, and marine energy are
often ignored, even though they may be advantageous as
elements in a power generation portfolio due to their cost
structures and financial risk profiles.
Renewable energies so far only play a minor role in the
power generation mix, although no cost arise from emissions or fuels (except biomas plants). It means that in terms
of fuel costs there is a modest price risk from operating
the plants, and that often more accurate projections of operation and maintenance costs are possible (compared to
fossil and nuclear power generation). Adding more renewable energy to the European power generation mix has two
main effects. First, there is a risk diversification effect due
to the lack (or lesser significance) of price risks, owing to
the fact that most renewable energies do not have costs
arising from fuel needs or arising emissions. Second, there
is an effect concerning the costs of the entire portfolio. If a
portfolio based on fossil fuel technologies is enriched with
renewable energy technologies, the overall costs at every
risk level can be reduced, even if specific generation costs
for electricity from renewables are higher. On the other
hand, adding renewable energies to the current energy
mix could improve the environmental sustainability and decrease emissions.
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An approach that focuses on the risk-return combinations
of investments is the Mean-Variance Portfolio (MVP) theory
developed by Nobel laureate Harry M. Markowitz in the
1950s. The main objective of portfolio theory is to provide
some guidance to achieve the best combination of assets
and thus to build an optimal portfolio of assets. The MVP approach is also applicable to real assets in the energy sector,
and has gained much popularity in recent years. Up to now,
however, mostly static portfolios have been examined and
compared (comparative-static analysis). However, reality is
affected by dynamic processes, which cannot be considered
in a static analysis. Two issues in particular are emphasized
in this project:
1. There is a demand for new investments in the energy sector, i.e. there must be quantity growth or replacement of
obsolete plants. These new investments cause a need for
continuous extension of capacity, which also leads to investments in learning, which in turn will lead to cost decreases
in the next period. A comparative-static analysis does not
allow the consideration of the possibility that an initially
expensive portfolio can be realized at far lower costs in a
later period. Only a dynamic approach enables the study of
such a development.

Fig. 1: Risk-return performance of the assumed German CHP
portfolio in 2020 (based on the expected annual return in
2020)
Source: Westner and Madlener (2009a)

2. Usually, only a small range of available renewable energy
technologies is considered. This project pays special attention to high-temperature solar thermal power plants, a
technology that has not been included in recent analysis,
but has great potential and has received increasing attention (e.g. project vision ‘Desertec’). Especially in Southern
Europe and Northern Africa, where solar radiation reaches
high levels, solar power plants can be expected to make a
significant contribution to the optimal European electricity
generation portfolio. Other renewable energy technologies
that deserve attention are the different kinds of new hydro
power plants, and in particular thermal energy conversion
from the ocean, tidal stream and wave power (also referred
to as marine technologies).

References:

This research project aims at expanding the static portfolio
optimization approaches suggested in the literature with
a dynamic approach. It specifically addresses the optimization of the European electricity generation mix with a special attention on concentrating solar thermal energy as a
new and potentially important addition to the power generation portfolio of the European electricity supply system.
The second aim is to investigate public acceptance, and in
particular possible discrepancies between perceived and
actual risks (both technical and financial) related to new
renewable and nuclear electricity generation technologies.
This latter investigation is done mainly by desk research but
also by means of a questionnaire survey that will be conducted in 2010 in Germany.
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solar power plants, risk management of offshore wind and
marine power projects, public acceptance of large-scale
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power technologies.
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OPTIMIZATION OF POWER PLANT PORTFOLIOS: IMPACT of
CROSS-BORDER ASSET SWAPS, LIQUIDITY-CONSTRAINED
TRADING, AND ACCOUNTING REQUIREMENTS
As part of the doctoral research of Joachim Lang from
E.ON, FCN also investigates impacts from cross-border asset swaps, trading activity under liquidity constraints, and
accounting regulation on the optimal portfolio for power
generation. Currently, the following two subprojects are under way.

the electricity exchange is – besides the better transparency
– also the standard procedure for the clearing of open positions. This allows to address the credit risk by having binding obligations for the payment of collaterals to a clearing
company (i.e. clearing process with the usage of so-called
‘margin accounts’).

1. portfolio selection problem under recognition
of trading activities given liquidity constraints

Depending on the trading positions the level of collateral
might rise into billions of Euros. This binds liquidity that
could be used otherwise for investments (e.g. in power
plants), which is especially important as long as liquidity
constrains exist. On the one side, a utility company has an
interest in selling electricity and buying the necessary primary fuels on the forward markets. The motivation is “lockin” a certain margin and therefore, to accept the need of
keeping an assured amount of liquidity for margining. On
the other side, the company has to think about possible
investment into new generation capacity in order not to
lose market share or to jeopardize the sustainability of its
businesses. Out of the triangular relationship of commodity
price and credit risk in combination with (often externally
given) cash flow restrictions arises the need for an integrated optimization of this relationship (Figure 1).

The goal of this subproject is to perform a portfolio optimization analysis for a utility company with a special focus
on portfolio selection problems arising from trading activities and the corresponding margining needs. Starting point
is the Mean-Variance Portfolio Theory (MVP) of Markowitz
(Markowitz, 1952) with regard to an underlying portfolio of
power plants in Europe, and the assessment of the impact
of different hedging strategies on the optimal portfolio or
investment choice under liquidity constrains.
The study shall provide an instrument for the analysis of investment decisions under cash and margining restrictions
for utility companies. It will be discussed to what extent the
“margining aspect” must already be included in the investment decision-making process for power plants, and whether there might be differences in the fuel type dependency
among the power plants under consideration. In addition,
we want to explain the impact of different hedging strategies on the optimal portfolio and test it by using MonteCarlo simulation in combination with an optimization algorithm, applying MVP.
Background of this study is the increasing relevance of selling electricity on exchanges instead of via bilateral contracts, in order to address the credit risk issue for commodity transactions. The aspect of margining is a well-known
topic especially in the financial markets. However, due to
the fact that most of the electricity is traded on the OTC
market and that exchanges have only in recent years become sufficiently liquid for short- and long-term trading
with standardized clearing procedures, this issue has been
gaining importance also for the electricity sector, and has
therefore also to be recognized in the optimization of power plant portfolios. One big advantage of trading energy on
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The basis for this analysis is an international power plant
portfolio of the E.ON Group, which is implemented in a
discounted cash flow model for calculating the net present values (i.e. the intrinsic values) of the assets. By doing
so, the entire remaining lifetime of the existing generation
portfolio, but also possible options of constructing new
capacity, are covered. They provide the foundation for the
analysis of the impact of different hedging strategies for
each single asset in the portfolio and the entire portfolio.
The outcome of the net present value calculations is used in
combination with an algorithm to determine the efficient
frontier for attractive risk-return profiles, and the change of
those profiles by applying different hedging strategies.
2. Impact of cross-border asset swaps on the valuation of power plant portfolios
In the second subproject we elaborate the special aspects
on the valuation of power plants that arise out of so-called
“Asset Swaps”. To this end, we assume a utility company that

wants (or is forced by regulation) to decrease its generation risk exposure in one country but is not willing to reduce
its overall generation portfolio. In general there are several options, for example by selling a plant in one country
and building a new plant in another country. However, this
might not be the preferred solution, as building a new plant
may cause significantly higher cash flow requirements in
the mid-term than the company is either willing to accept
or able to spend.

ECC (2008). Clearing conditions of the European Commodity Clearing AG, Release 0007, Leipzig, Germany, 1 April 2009.

One possible solution to fulfil the needs of reducing the
generation capacity in one country without losing market
share and at the same time obeying cash flow restrictions
would be an asset swap. This study therefore focuses on
market-related aspects that have to be taken into account
by performing asset swaps for generation units between
different markets. The main question is to what extent the
asset swap itself is changing the market environment (e.g.
two monopolists in their respective markets are exchanging parts of their generation portfolio and are therefore
forming two oligopolies) and, if yes, whether this has an
impact on the valuation of the underlying assets. We will
analyze the effects that occur in interrelated markets with
restricted transport capacities under consideration of arbitrage aspects between the markets, in order to analyze and
better understand the necessary changes for the valuation
of the assets concerned.

Markowitz H. M. (1952). Portfolio selection, Journal of Finance, 7(1): 77-91.

Hull J. (2008). Option, Futures, and other Derivatives, 7th illustrated Edition, Prentice-Hall, New York.
Madlener R., Wenk C. (2008). Efficient Investment Portfolios
for the Swiss Electricity Supply Sector, FCN Working Paper
No.2/2008, August.
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Fig. 1: Triangular relationship between commodity risks,
cash flow restrictions and credit risks
Source: own illustration
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MEASUREMENT AND METERING FACILITIES AS ENABLING
TECHNOLOGIES FOR SMART ELECTRICITY GRIDS IN EUROPE
This research project on smart electricity grids was conducted for the Sectoral e-Business Watch (SeBW) 2009 in cooperation with the Institute for Automation of Complex Power
Systems (ACS) at the E.ON ERC. The resulting report focuses
both on economic and technical aspects. On the one hand,
this was a very successful utilization of the research center’s
resources, while on the other hand the interdisciplinary approach itself was an enrichment for the study.
This study focuses on the low and medium voltage levels,
which correspond to the perspective of the consumer and
the distribution network, respectively. The idea of smart
grids is to improve grid performance and thereby to allow
postponement of otherwise critical investments. On the
consumer side this is done via Demand Side Management
(DSM). Differentiated pricing and disconnection are supposed to induce demand responses so as to ease some of
the burden during peak-load times. In contrast, the distribution network faces a very different issue: it needs to be
prepared for increasing distributed generation. This entails
updating of the protection systems and introduction of intelligent communication systems.
For the roll-out in the low voltage system, i.e. the installation of smart meters, lack of standardization is a major impeding factor. Industry and utilities so far suffer from high
investment uncertainty. However, it needs to be recognized
that serious efforts have been put into the issue, especially
from the political side. Agents are the European Union, European institutions and some individual European countries.
Another important factor is consumer acceptance. There is
evidence that monetary incentives alone are insufficient for
appropriate demand response. Some consumers reject demand response completely though they do not trust their
utilities. Research suggests that political support can relax
this situation by restoring trust through consumer information.
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The widely discussed issue of data privacy and security
also impacts smart metering. Very sensitive data is gathered from consumers, so that, rules and guidelines need to
be established to protect consumers and to allow utilities
or other market actors to make use of those data and the
greatest degree of freedom possible for smooth operations.
For medium voltage systems, where the requirements for
measurement accuracy are less demanding, standardization plays an equally important role. It mainly concerns
communication, synchrophasors (e.g. time synchronization)
and synchronization systems (for example Precision Time
Protocol, PTP). In fact, several standards exist for all important factors of the system. However, with a lack of coordination and consensus the situation is not so much different
from the one in the low voltage system.
The main challenge that needs to be addressed in medium
voltage systems is bi- or multidirectional information flows.
This requires the use of Intelligent Electronic Devices (IEDs),
which can be described as the counterpart of smart meters in medium voltage systems. A supporting factor for the
roll-out of IEDs is that the current measurement devices are
about to reach the end of their lifetime. They can thus be
gradually updated.
New business models are expected to emerge for both systems. Areas like plug-in hybrid vehicles, virtual power plants
and microgrids will expand in the near future. Consumers
will also be affected by differentiated pricing schemes and
intermediaries providing services like financing, installing
and maintaining generation devices or allowing for the participation in a virtual power plant.
Two case studies are also part of the project. One case study
is about the experience of ENEL, the largest electric utility
in Italy. The company started a roll-out already back in 2001
and found that customer acceptance is fairly high, with

57% of customers changing their behavior. Furthermore,
customers seem to really care about their energy usage and
frequently check energy consumtion patterns and costs on
their indoor device.
The other case study is about how the number and location
of intelligent eletronic devices can be optimized in medium
voltage grids. Common branches of all possible network
configurations are considered and weighted by probability.
For desired state estimation accuracy and given accuracy
of individual devices, the number of devices installed in the
identified spots can be minimized to the necessary amount.
This is important as the devices are an important cost factor
and IED investment can be reduced markedly with such an
approach.

The role of FCN in this project, apart from project coordination, was to investigate the business- and consumer-oriented as well as institutional aspects. ACS provided input on
the technical aspects. The contribution made by Carlos Muscas, University of Cagliari, Italy, is gratefully acknowledged.
Reference:
Madlener R., Liu J., Monti A., Muscas C., Rosen C. (2009).
Measurement and Metering Facilities as Enabling Technologies for Smart Electricity Grids in Europe, Special Study No.
1/2009, Sectoral e-Business Watch, October.
http://www.ebusiness-watch.org/

Tab. 1.: Smart Metering installed in selected countries
Source: Madlener et al. (2009)
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THE EMERGING MARKET FOR SMART SUBMETERING
In this study we have investigated the market potential for
smart submetering in Germany that arises from the liberalization of the measurement business. Our focus is particularly on private households, and on the synergies that can
be achieved by combining smart (sub-) metering services for
electricity, heat and water.
The liberalization of the measurement business in Germany,
which is one of the measures contained in the Integrated
Energy and Climate Program of the German government
(IEKP), has led to a number of initiatives in the electricity industry to collect consumption data by smart meters in short
time intervals and to provide these data to the end-user.
This new development has also attracted new market entrants who aim at providing such metering services instead
of the traditional electric utility (i.e. the grid operator).
So far the major development has been seen on the electricity market. However, due to synergy potentials, it can
be expected that smart natural gas metering will also
be emerging in the near future. Likewise, activities in the
smart submetering business – especially for heat and water consumption – will be intensified, i.e. the metering for
individuals or individual households instead of a group of
individuals or households (such as in multi-family homes).
Interestingly, the development of Smart Metering and
Smart Submetering, respectively, has so far not seen much
overlap, and solutions combining such systems across the
boundaries of the different commodities concerned (electricity, heat, water etc.) are still rare.
In our analysis, we have studied the new European and national regulations relevant for the development of Smart
Metering and Smart Submetering in Germany, and the
emerging new markets and actors for metering services.
Moreover, we have done a SWOT (strengths-weaknessesopportunities-threats) analysis for three groups of actors:
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(1) the grid operator, (2) the energy supplier, and (3) the
metering service companies. The SWOT analysis shows that
grid operators, due to their obligation to provide a (regulated) base supply in metering services, have a special role
to play. Energy suppliers, in contrast, can achieve customer
binding and a greater differentiation of their products and
services offered. Moreover, they may decide to make use of
specialized service providers. Finally, metering service companies are in a more difficult position, as they typically can
make less use of synergies. For all three groups of actors it
is of paramount importance that the necessary investments
in metering devices and infrastructure can be recouped in a
sufficiently short period of time
Overall, we find that there are still a number of barriers
slowing down a rapid development of a competitive Smart
(Sub-)Metering market, including the lack of standardization of procedures between market actors but also of hardware, interfaces and software. With rising energy prices, due
to the higher energy cost savings that can be achieved, the
demand for and acceptance of Smart (Sub-)Metering will
increase, but the ultimate success will also depend on the
availability of sufficiently attractive products (meters), services, and tariff models offered that enable this innovative
market to evolve.
References:
Madlener R., Özer O. (2010). Smart Submetering: Regulierung und Marktchancen, Energiewirtschaftliche Tagesfragen, forthcoming.
Richter S. K., Franz O. (2008). Weitere Liberalisirung des
Messwesens - Erfolgsmodell für den Wettbewerb oder Sachgasse? Energiewirtschaftliche Tagesfragen, Jg.58, Heft 11,
S. 32-37.

Supervised student research:
Özer O. (2009). Cross-Category Management of Energy and
Water Consumption Data for Consumption Control - An
Investigation of the Status Quo in the Market for Smart
(Sub-) Meters, Master’s thesis, RWTH Aachen University (Chair
of Energy Economics and Management, Faculty of Business and Econo¬mics)/Westfälische Wilhelms-Universität
Münster.

Fig. 1: Contractual relationships after liberalization of the metering services
Source: own illustration, based on Richter and Franz (2006)
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ENERGY CONSUMPTION PATTERNS OF AN AGING
POPULATION
Under this research heading, we report on two studies undertaken in 2009 on energy consumption patterns of aging
private households. A first study has focused on residential
energy demand in Germany, with a particular emphasis on
structural change caused by an increasing share of older
people. In a second study, we have empirically investigated
the residential household sector in Switzerland, again with
a special focus on the differences in appliance stocks and
energy consumption patterns between younger and older
households.
1. Residential Energy Demand in Germany: Trends
and Structural Change
In 2006, primary energy consumption in Germany was 14,588
Petajoule (1PJ=1015 J). About 30% of this amount can be attributed to residential energy demand. The composition is
well analyzed and several models have been developed for
estimating future residential energy demand. However, few
attempts have been made so far to analyze the present and
future energy consumption of the elderly people. As a consequence of the structural change in Germany, the share of
people older than 60 years will increase from 24.9% in 2005
to 37% in 2030. Elderly, as a result of a less active lifestyle,
have a lower energy demand from household appliances
due to a lower equipment stock and also a lower energy
demand for hot water preparation. However, elderly have
a higher energy demand for space heating, because they
frequently occupy older homes, that lack sufficient thermal
insulation, require warmer ambient temperatures to feel
comfortable, and are more often at home. As 76% of residential energy demand is required for space heating, the
greatest energy savings can be obtained with an energyefficient building stock. The challenging targets set by the
German government for reducing total energy consumption by 20% until 2020 can only be accomplished with great
efforts in the building stock. Incentives have to be provided
especially for the elderly population, who often refuses investments in energy efficiency that require relatively long
amortization periods.
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2. Electricity Consumption in Swiss Households: Empirical Investigation of the VSE/GfK Survey 2005
The residential household sector with a share of 253,880 TJ
(29.2 %) in total energy consumption is the second-most
energy intensive sector in Switzerland, after the transport
sector. The existing literature on electricity demand of the
residential sector concentrates primarily on the influence
of energy prices and household income. By contrast, other
household characteristics, describing demographic, economic and equipment features of households, are often neglected due to a lack of data.
In the light of significant societal developments, such as
over-aging of the population and a trend towards singleand two-person households, we investigate the influence
of age on electricity consumption, appliance stock and consumer behavior, using a rich data set for Switzerland and
econometric estimation techniques. The results indicate
that both younger and older persons consume about the
same amount of electricity by using electric devices. However, electricity consumption in both age groups is composed differently. Whereas older people use their existing
lower stock of appliances intensively, younger people tend
to have a large number and variety of appliances but typically use them less intensively (see Figures 1 and 2).
Future political information campaigns should account for
this fact and measures to raise the rational energy use adjust to both energy consumption groups. One measure to
limit the growing electricity consumption of home office
and entertainment equipment in absolute terms is the introduction of binding energy efficiency standards, as they
were recently introduced European-wide by an EC Regulation for stand-by consumption of certain appliances (CEC,
2008).

References:
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Fig. 1: Average electricity consumption by age group, Fig. 2: Market diffusion of white goods by age group, 1- and 2-person
household size and time-of-the-day, 1- and 2-person households in Switzerland, 2005
households in Switzerland, 2005
Source: Tomm (2009) adopted
Source: Tomm (2009) adopted
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DECISION-MAKING OF PRIVATE HOUSEHOLDS
(MOBILITY, energy use in DWELLINGS)
In this doctoral research by Martin Achtnicht of ZEW
Mannheim, FCN is engaged in improving the understanding
of the individual preferences of private households and the
resulting decisions and choices regarding individual mobility
and energy use in dwellings.
Individual preferences, decisions and choices of economic actors has for a long time been of primary interest to
economists. As a matter of fact knowledge of preferences
is particularly relevant in order to anticipate regulatory effects and to evaluate them from an economic point of view.
In the light of climate change and dwindling fossil energy
resources relevant decisions of economic agents have been
a major topic in political and academic debates in recent
years. Concerning private households, the areas ‚Dwellings‘
and ‚Mobility‘ are the primary focus of political debates today. In the following, we present a synopsis of the ongoing
research by Martin Achtnicht in these two areas.
1. Mobility
Motorized individual transport strongly contributes to global CO2 emissions, due to its intensive usage of fossil fuels.
In 2006, for example, passenger cars accounted for approximately 12% of total CO2 emissions within the EU-15. Current
political efforts addressing this issue (i.e. emission performance standards in the EU) are directed towards car manufacturers. Specifically, the entire car industry has to comply
with an average of 120 grams of CO2 per kilometer between
2012 and 2015, with interim targets. The long-term target for
2020 is an average of 95 grams of CO2 per kilometer (by way
of comparison, passenger cars today emit some 160 grams
of CO2 per kilometer on average). Manufacturers who exceed the specified standard will have to pay fines.

measures). Depending on the amount consumers are willing to pay for a specific reduction in CO2 emissions it could
as well be optimal for manufacturers to exceed the mandatory emission standard.
In this doctoral research we examine whether CO2 emissions per kilometer is a relevant attribute in car choices.
Based on a stated preference experiment among potential
car buyers from Germany (see Figure 1), different mixed logit specifications are estimated. In addition, distributions of
willingness to pay measures for an abatement of CO2 emissions are obtained. The results suggest that the emission
performance of a car matters substantially, while its actual
consideration varies heavily across the sampled population.
In particular, we provide some evidence on gender, age and
education effects on climate concerns. In particular, we find
that females are willing to pay more for the abatement of
CO2 than representatives from the other sex, people under
45 years are willing to pay more than people aged 45 and
older, and people possessing higher education are also willing to pay more than those who do not.
In order to reduce both oil dependency and CO2 emissions,
the EU further aims at replacing traditional automotive fuels by “greener” alternatives, such as biofuels, LPG/CNG, hydrogen, or electricity. Regarding this strategy, it is crucial to
provide sufficient refueling infrastructure for car drivers. Using the above-mentioned survey data, we also investigate
the impact of service station availability on the demand for
alternative-fuel vehicles. Based on the estimated discrete
choice model, we simulate choice probabilities for passenger cars running on alternative fuels depending on the size
of the related service station network.
2. energy use in Dwellings

From an economic point of view this policy measure has to
be treated with caution. Given the present EU regulation
the question arises what the optimal strategy for car manufacturers is. Exceeding the emission standard generates
costs (through the payment of fines) – but so does complying with the emission standard (through costly abatement
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The second focus of this dissertation is on energy use in
dwellings. In 2006, private households contributed with a
share of roughly 30% to total final energy consumption in
Germany. This share is predominated by energy inputs required for heating. In summer 2009, a CAPI survey among

German houseowners was conducted. The core element of
the questionnaire was another stated preference experiment. Interviewees had the choice between a more energyefficient heating system and a better insulation. The aim
of the study is to learn more about the underlying preferences of households. In particular, the research questions
addressed are: (1) What are the determinants of long-term
decisions on energy consumption in residential buildings?
(2) What is the willingness to pay for CO2 emissions saved
when meeting heating requirements? (3) How do various
environmental policy measures influence decision-making
behavior? This analysis is currently still work in progress.

References:
Achtnicht M., Bühler G., Hermeling C. (2008). Impact of Service Station Networks on Purchase Decisions of Alternativefuel Vehicles, ZEW Discussion Paper, No. 08-088, Zentrum für
Europäische Wirtschaftsforschung, Mannheim.
Achtnicht M. (2009). German Car Buyers‘ Willingness to Pay
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Fig. 1: Example of a choice set containing seven alternative cars (screenshot from the mobility questionnaire)
Source: own illustration
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ADAPTATION AND MITIGATION STRATEGIES – SUPPORTING
EUROPEAN CLIMATE POLICY (“ADAM”)
The main aim of the ADAM research project is to obtain and
promote a better understanding of the existing trade-offs
and conflicts between climate change adaptation and mitigation policies. The project is supposed to support EU policy
development in the post-Kyoto process, and will inform about
the emergence of new adaptation strategies for Europe.
The particular aims of the ADAM project are threefold:
(1) 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 atmospheric temperatures of no greater than 2
˚C above pre-industrial levels; also, 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.
(2) To develop and appraise a portfolio of longer 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.
(3) 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 option this helps
to inform: European and international climate protection
strategy in post-2012 Kyoto negotiations, a re-structuring
of International Development Assistance, the EU electricity
sector, as well as regional spatial planning.
The ADAM project supports 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
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of the development of the Kyoto Protocol and, in particular, negotiations around a post-2012 global climate policy
regime.
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.
FCN contributed to the project via a (non-representative)
Web-based survey among top-level executives of companies and organizations 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 survey-based study was to
provide input for improving the Policy Appraisal Framework
(PAF), applied to the European electricity sector. Specifically,
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 related to the electricity sector and
energy-intensive industries in Europe.

References:
Artho J., Madlener R. (2009). Climate Policies and the Electricity Sector in Europe: Insights from a Web-based Survey Conducted Among Stakeholders in Selected European Countries,
Report by FCN / Social Research Unit, University of Zurich,
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Fig. 1: Web-based questionnaire used among stakeholder groups in selected European electricity markets
Source: Madlener and Artho (2009)

CONTACT
Prof. Dr. rer. soc. oec. Reinhard Madlener
T +49 (0)241 80 49820
F +49 (0)241 80 49829
rmadlener@eonerc.rwth-aachen.de

Research: Project Descriptions

123

POWER PLANT INVESTMENT IN a LIBERALIZED MARKET:
A REAL OPTIONS APPROACH FOR SEQUENTIAL INVESTMENT
decision-Making
In this research project we study the economic feasibility
of constructing a 560 MW coal-fired power plant in Turkey,
using real options theory (Dixit and Pindyck, 1994). We start
from a review of the Turkish electricity market as well as the
literature on real options theory and power plant investment. We then investigate the peculiarities and uncertainties related to large-scale power generation capacities. Our
special research focus is on the determination of the real
options value of the power plant project considered. We
develop a sequential investment model based on the binomial tree model by Cox, Ross and Rubinstein (1979). The
four stages considered are (1) Planning; (2) Negotiation of
Engineering, Procurement and Construction (EPC) contract;
(3) Preliminary Notice to Proceed (PNTP); and (4) Notice to
Proceed (NTP).

that the present value of the base object is independent on
the risk-free interest rate. If we consider that for the project considered this value is determined by a present value
calculation, which depends crucially on the risk-free interest rate, a countervailing effect can be observed. Figure 2
shows that the standard deviation’s influence on the level
of the option value of the project considered here decreases
with a rising risk-free interest rate.

Applications of the real options approach for investment
planning in the electricity sector have only in recent years
started to penetrate the literature. Real options analysis has
been adopted from the finance literature. It questions the
underlying assumptions of traditional investment calculations based on the discounted cash flows, and seeks gains
from deferring an irreversible investment expenditure that
arise from better information about uncertain values (‘value
of waiting’), if such a postponement is feasible. Multi-period
evaluation of such an investment problem leads to a model formulation that can be solved recursively. Specifically,
within such a dynamic framework one can systematically
compare the expected net present values from immediate
investment and from waiting to invest.

References:

We find that the option value is considerable, for instance
due to various options of power supply contracting, which
confirms the usefulness of the approach adopted compared
to conventional discounted cash flow investment models
which are unable to account for the flexibility in investment
timing.

Cox J.C., Ross S.A., Rubinstein M. (1979). Option Pricing: A
Simplified Approach, Journal of Financial Economics 7(3):
229-263.
Dixit A.K., Pindyck, R.S. (1994). Investment under Uncertainty,
Princeton: Princeton University Press.
Madlener R., Stoverink S. (2010). Power Plant Investments in
the Turkish Electricity Sector: A Real Options Approach Taking into Account Market Liberalization, FCN Working Paper,
forthcoming.
Supervised student research:

Figure 2 shows the outcome of varying the standard deviation in combination with varying the risk-free interest rate
between 5% and 10%. If the risk-free interest rate rises, the
option value rises as well, since for the achievable monetary
advantage it becomes advantageous to postpone the investment. This only applies, however, under the assumption
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Stoverink S. (2009). Kraftwerksinvestitionen im türkischen
Strommarkt – Ein Realoptionsansatz unter Berücksichtigung der Marktliberalisierung, Diploma Thesis, Chair of energy Economics and Management, RWTH Aachen University,
September.

Fig. 1: Stages of the sequential/compound investment decision-making process
Source: Madlener and Stoverink (in prep.)

Fig. 2: Real options value depending on the risk level (standard deviation
of the rate of return) and the risk-free interest rate
Source: Madlener and Stovernik (2010)
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ECONOMICS OF LOW CO2 COAL-FIRED POWER GENERATION
In 2009 FCN has undertaken various studies on the economics of coal-fired power generation with carbon capture and
storage (CCS) in Europe, including a model-based analysis of
the economics and expected diffusion of coal power plants
equipped with CCS, a fuzzy real options model to investigate
the cost effectiveness of coal power plants endowed with
three alternative CCS technologies, and the economic viability of co-firing of biomass in new hard coal power plants.
1. Economics of Coal-Fired Power Generation with
CCS
In this doctoral research project of Richard Lohwasser we
use the new and advanced long-term electricity market
model “Hector” to simulate the electricity market bottomup through variable cost-based bidding of individual power
plants on auction-based national markets with international interconnection capacities. Unlike most other approaches, we implement the objective function on an hourly level.
The model covers 400 groups of power plants in 19 European countries. In a projection until 2040 we find that conventional fossil fuel-fired power plants are replaced both by
renewable energy technologies as well as large quantities
of CCS (which nearly exhaust available CO2 storage capacities in some of the regions studied).
We further analyze how the economic development of CCS
for coal-fired power plants affects electricity generation
costs and hence market diffusion in Europe. Expectations
on the economics of commercial-grade CCS hard-coal power plants vary widely in the literature. The Base Case is for
a CO2 price of 43 €/t, with sensitivity analysis for 30 €/t and
20 €/t, respectively. Our simulation results show that investment costs strongly impact market penetration of coal-fired
CCS power plants, leading to a share in European power
generation capacity of 16% by 2025 for the lowest investment costs considered (1400 €/kW) and 2% for the highest
(3000 €/kW).
Furthermore, we study the impact of two stimulation policies (capital grants, feed-in tariffs) and learning effects on
the deployment of post-combustion CCS demo plants. The
policy instruments are evaluated in terms of their effectiveness, defined as the ratio between the CCS demo plant
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capacity and the discounted total policy costs. Preliminary
results show a very slow deployment of CCS in the absence
of promotion policies: in the CO2-38 Scenario (average CO2
price of 38€/t between 2015-2020) only 5.7 GW of CCS demo
capacity is built by 2020 (mainly in the UK, the Netherlands,
Greece and Slovakia), whereas in the CO2-25 Scenario no
CCS demo capacity would come online. In the high CO2
price scenario a similar effectiveness of both policy options
arises. This is mainly due to the relatively low variable costs
of CCS demo plants and the resulting position in the merit
order at this CO2 price, enabling high utilization rates and a
steady and predictable inflow of subsidies. Overall, we find
that additional subsidies are needed for achieving economic viability of CCS power plants by 2020, and that capital
grants are the most cost effective method to achieve the
politically envisaged CCS demo plant capacity of 21-23 GW
in 2020. The overall budget required to achieve this goal is
between ~€4 bn (CO2-38 Scenario) and ~€14 bn (CO2-25 Scenario). Assuming that learning effects will spill over across
the EU, despite the still highly fragmented development of
R&D projects in Europe, we find that pooling of European
CCS RD&D with that in other global regions considerably
reduces the required CCS demo capacity and subsidy requirements.
2. Fuzzy Real Options Modeling of Low CO2 Power
Generation Investment
In this study we investigate the relative advantage of investing in a natural gas combined-cycle (NGCC) power plant
versus a coal-fired power plant with and without CCS. For
the investment analysis under uncertainty we apply fuzzy
real options theory. Three different price scenarios for fuel
input and CO2 emission permits are considered. Given the
assumptions made, we find evidence that NGCC and (less
so) conventional hard coal-fired power plants are most costeffective, followed by the coal plants with the CCS technologies `Oxyfuel‘ and `Pre-combustion‘ (Figure 1). Due to high
specific investment costs and significant losses in conversion efficiency, the third CCS option `Post-combustion‘ remains non-economical. The sensitivity analysis reveals that
at moderate cost reductions, `Pre-combustion‘ and `Oxyfuel‘
become economically viable and, at sufficiently low CO2 permit prices or interest rates, even the preferred options.

3. Biomass Co-Firing in New Coal Power Plants

References:

Biomass co-firing in coal power plants (typically between
5-20%) is an interesting option to mitigate CO2 emissions,
since the additional costs are relatively minor and a secondary benefit is provided by increased fuel flexibility. Globally,
about 150 co-firing plants are in operation. In Germany, the
potential for biomass co-firing in coal plants is about 28
TWhel per year, assuming a 10% replacement of coal by biomass. We study the economic potential of biomass co-firing
in new hard coal power plants in Germany, with a particular
focus on those owned by the E.ON AG. To this end, we determine suitable biomass inputs fuels, investment and operating costs, and profitability of co-firing investments. In a sensitivity analysis we check for the robustness of the results;
uncertainty is explicitly taken into account by Monte Carlo
simulation. We find that both regional and international
biomass supplies are relevant, and that the cost effectiveness of co-firing is strongly affected by the prices of biomass,
coal and CO2 permits. Power generation costs attributable to
biomass co-firing of a plant put into operation in 2020 are
between 70-75 €/MWhel, while the average cost of biomass
input fuels are on average around 4.1 €/GJ.

Kraemer C., Madlener R. (2009). Using Fuzzy Real Options
Valuation for Assessing Investments in NGCC and CCS Energy Conversion Technology, FCN Working Paper No. 3/2009,
November.
Lohwasser R., Madlener R. (2009). Simulation of the European Electricity Market and CCS Development with the HECTOR Model, FCN Working Paper No. 6/2009, November.
Lohwasser R., Madlener R. (2009). Impact of CCS on the Economics of Coal-Fired Power Plants: Why Investment Costs
Do and Efficiency Doesn’t Matter, FCN Working Paper No.
7/2009, November.
Lüschen A., Madlener R. (2010). Economic Evaluation of Biomass Co-Firing in New Hard-Coal Power Plants in Germany,
FCN Working Paper, forthcoming.
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zwischen GuD- und CCS-Kraftwerkstechnologien, Study
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Lüschen A. (2009). Betriebswirtschaftliche Bewertung der
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Fig. 1: Sensitivity analysis for the CO2 price (0-100 €/t)
Source: Kraemer and Madlener (2009)
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economic modeling of COMPRESSED AIR ENERGY
STORAGE FOR ENHANCED GRID INTEGRATION OF WIND POWER
In this self-funded research project, we model the economic
feasibility of compressed air energy storage (CAES) to improve wind power integration. The Base Case is a wind park
with 100 MW installed capacity and no storage facility. In
Variant 1 we add a central CAES system with 90 MW compressor and 180 MW generation capacity. The compressed
air is stored in a cavern. The CAES system is operated independently of the wind park, such that profits at the spot
and reserve power markets are maximized. Variant 2 is an
integrated, decentralized CAES system, where each wind turbine is equipped with a compressor but no generator. The
compressed air is stored in a cavern and converted into electricity by a turbine, again maximizing profit as a peak power
plant.
The massive expansion of wind energy use and the resulting increased fluctuation of a larger share of power generation require measures for a better capacity utilization of
the grid. One solution is the expansion of storage facilities
in the grid. Apart from pump storage systems, which often
have limited untapped potentials (at least in Germany),
CAES systems are one of few alternative commercial largescale options that exist today.
Whereas diabatic CAES, which requires additional gas-firing
of the turbine, is technically mature, adiabatic CAES systems are currently being developed that do not need any
gas-firing. A further promising alternative are wind power
plants with integrated, decentralized CAES. Instead of being equipped with generators for power production, the
wind power plants are equipped with compressors for air
pressurization that can then be stored decentrally.
In our study we investigate and compare the economics of
different variants of such CAES systems. We find that while
studies comparing conventional diabatic with adiabatic
CAES systems and other storage systems exist, the concept
of wind power plants with integrated CAES has not yet
been scrutinized. For our investigation, we have developed
an economic model that allows studying three different
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variants of systems: (1) a conventional wind park without
CAES; (2) a wind park with conventional centralized CAES in
diabatic or adiabatic use; and (3) a wind park with integrated CAES in both diabatic and adiabatic use. Also, we have
compiled capital and O&M costs for each of these variants
from the literature. By applying real data on the feed-in of
wind power to the grid, spot market prices and the price of
minute reserve for 2007, we have then developed an algorithm for the profit-maximizing operation of the different
variants. This yields the net revenue streams that enable us
to calculate the NPV, the ROI, the generation cost and the
payback period of the different systems.
The results show that the economics of the systems depend
strongly on how intensively the spot market and market for
minute reserve is used. Only when the combined trade in
the spot market and minute market is enabled by a sufficiently flexible market, the CAES plant can be operated economically and help to stabilize fluctuations from the largescale feed-in of wind power. Unsurprisingly, without support
from the EEG, all variants turn out to be uneconomical even
if such flexible market conditions prevail. Compared to the
wind park without storage system, however, all variants
with CAES lead to a higher NPV, so that we can conclude
that CAES is economically viable in all cases. We find that a
centralized CAES power plant is economically more attractive than a wind power plant with integrated CAES. Furthermore, diabatic CAES systems are more profitable than adiabatic systems, and the ecological disadvantage of fossil fuel
(natural gas) use and related CO2 emissions directly undermines the advantage of feeding in renewable (wind) power.
Whereas the feed-in of wind power from centralized CAES
to the grid is remunerated according to the Renewable Energy Act (Erneuerbare-Energien-Gesetz, EEG), the EEG Act
does not foresee any subsidization of wind power plants
with integrated CAES, since the wind power is not directly
fed into the grid and because the electricity price that can
be achieved by the storage power plant is above the feed-in
tariff according to the EEG Act.

We conclude from our analysis that under the present conditions on the minute reserve market no CAES power plant is
economically feasible. However, as soon as hourly contracts
can be concluded on the minute reserve market, as it is
possible on the spot market, CAES becomes attractive for
smoothing fluctuations caused by wind energy feed-in. The
economically most attractive option today is a centralized
diabatic CAES power plant, followed by the centralized adiabatic alternative. However, even if integrated, centralized
CAES is promoted by means of a feed-in tariff, centralized
CAES power plants remain economically more attractive.
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Fig. 1: Filling level of the CAES system for operation optimization with consideration of the storage limits
Source: Latz and Madlener (2009)
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ASSESSMENT OF THE TECHNOLOGICAL DEVELOPMENT AND
ECONOMIC POTENTIAL OF PHOTOBIOREACTORS
In this self-funded research project, we investigate the technological development and economic potential of the photobioreactor (PBR) technology for energy purposes, i.e. for
the production of hydrogen or biofuels. The generalized approach adopted is to consider the technology, its expected
costs and revenues, and related risks, from an investor perspective.
To this end we have developed an investment model that
is used to calculate the economic feasibility of PBRs for different scenarios, including a best-case scenario, with plenty
of sunlight and water, inexpensive nutrients, high prices
for hydrogen and biomass, and low other costs. The bestcase scenario is compared to a scenario with less favorable
boundary conditions.
The idea behind PBRs is to hold easy-to-handle phototrophic microorganisms, such as algae or cyanobacteria, in
a translucent reactor. Phototrophic organisms can supply
themselves with energy from sunlight by converting it into
chemical energy. In recent years, PBRs have been widely discussed and praised as an innovative energy technology that
in the future could also be utilized for commercial energy
supply purposes.
In contrast to conventional biomass production in the field,
a PBR is essentially a closed system with well-defined interfaces towards the environment. This bears potentials to
reduce the ecological impact on the environment and to
increase the efficiency of energy conversion. Also, under the
influence of solar irradiation, some algae are even able to
produce hydrogen from water. Moreover, phototrophic organisms, during photosynthetic activity, consume CO2, thus
enabling the establishment of a local carbon cycle by interconnecting coal-fired power plants with nearby PBR systems. The ability to absorb CO2 and to produce biomass and
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hydrogen at the same time is unique and makes PBR an interesting new technology to be investigated further as a future option for power generation systems with reduced CO2
emissions, despite its currently low conversion efficiency of
at best only around 6%.
In our exploratory investigation we find that PBR efficiencies will likely be less than 10%, with typical values between
1.8-5.6%. We also find that hydrogen production costs would
be lower than those for biodiesel or biogas from solid biomass produced in PBRs. Compared to biofuels from traditional agriculture there is a great advantage for the PBR
technology if land is scarce, because land is used more efficiently. Since PBRs can be designed as a closed system
they can in principal also be applied in very dry regions. In
the long term this might enable this promising concept to
penetrate the energy supply market.
References:
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Faculty of Business and Economics, RWTH Aachen University.

Fig. 1: Investment scenarios as a function of annual solar irradiation
Source: Holtermann and Madlener (2009)

Fig. 2: Sensitivity of specific investment costs to changes in final product prices
Source: Holtermann and Madlener (2009)

CONTACT
Prof. Dr. rer. soc. oec. Reinhard Madlener
T +49 (0)241 80 49820
F +49 (0)241 80 49829
rmadlener@eonerc.rwth-aachen.de

Research: Project Descriptions

131

ECONOMICS AND RISKS OF ONSHORE AND OFFSHORE WIND
POWER PRODUCTION
Several studies on the economics and risks of wind power
production have been undertaken at FCN. These include a
study on the risk management and controlling of a 400 MW
offshore wind park in the North Sea, the developments and
economics of onshore re-powering and offshore wind power
generation in Germany, recent developments concerning the
wind power market in Eastern Europe, as well as a (confidential) study on pipeline-based, gas-insulated power transmission from offshore wind parks. Some additional research has
started, to be completed in the course of 2010.
1. Risk management and controlling of offshore
wind power plants
In this research project we first survey the various terms
and methods used in risk management and risk controlling.
Further, we identify and discuss internal and external risks
of offshore wind power plants (WPP) and demonstrate for a
concrete example of a fictitious 400 MW offshore wind park
in the North Sea the use of the discounted cash flow (DCF)
method. The offshore risks involved are considered as part
of the different components of the free cash flow, which
form the basis for the DCF evaluation, by using a Monte
Carlo simulation. The latter contains assumptions for the
distribution of each cash flow component, which are based
on a detailed consideration of the risk bearings. We use the
cash flow at risk (CFaR), with the DCF as the risk-carrying
target variable, as a quantitative risk measure for the simulated DCF evaluation. The CFaR enables us to draw a conclusion regarding the risk distribution of the DCF. According to
the fictitious offshore wind park studied, the CFaR obtained
provides evidence that the investment project investigated
is indeed economically viable.
2. Economics of onshore repowering and offshore
wind power production
Re-powering onshore wind energy experienced a growing
interest in the last years. Since the potential on the ground
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has already been widely considered and tapped, the question of renewing and resizing former turbines is being analyzed as an interesting option to supplement wind energy.
Significant increases in onshore wind energy production
from that can be gainedd by re-powering measures in Germany promise great opportunities for investment in the
coming years. Hence its economic analysis is of great interest. Born from a clutch of interested manufacturers, offshore
wind energy became a relevant source for future development of renewable energies in Europe. Besides social acceptance, technical and economic advances, in recent years
favorable policies, such as feed-in tariffs or other kinds of
subsidies were introduced, fostering the diffusion process.
In our study, we develop two economic models for both repowering and offshore wind plants and discuss whether or
not these technologies are profitable within today’s political and market conditions.
3. Development of the wind power market in Eastern Europe
This ongoing diploma thesis shall display the future development of the European wind power market in eastern
countries, e.g. Bulgaria and Poland. In the time of environmentalism and scarcity of fossil fuels the issue electricity
from renewable energy gains even more significance. A development away from coal-fired power plants to electricity
from renewable energy like wind power is already noticeable.
In the name of the Danish enterprise Global Wind Power
A/S the reasons for the establishment of a new market and
the steps to be taken prior to that are investigated on the
example of Bulgaria. This diploma thesis also takes specific
interst of stakeholders (like politicians, consumers) and
boundary conditions (like spatial limitation, building law
regulations) that affect the creation of a new market explicitly into account.

In the context of this investigation market participants like
developers of wind power projects and consumers shall be
polled and the pros and cons of wind power plants in comparison to other power sources are to be discussed.
4. Economics of pipeline-based power transmission
from offshore wind power parks
In this study we investigate the economic feasibility, risks
and financing opportunities for large-scale power transmission of offshore wind power from the North Sea by means
of a Power Transmission Pipeline (PTP), embedded in an
undersea tunnel, and an offshore substation required as
an interface between the incoming sea cable and the PTP.
In a detailed sensitivity analysis, we evaluate the impact
of parameter variations and the robustness of the results
obtained.
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Fig. 1: Distribution of the discounted free cash flow
Source: Madlener et al. (2009) (computations with Crystal
Ball®)
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ECONOMICS OF CONCENTRATING SOLAR POWER PLANTS
Concentrating solar power (CSP) plants offer great potential
for centralized power generation in areas with high levels
of direct solar radiation (such as in the Northern Africa region). At FCN, we have started investigating the economics
of CSP technology and real-world power plants, both already
in operation (such as Andasol-I, Nevada Solar One, and PS10/Solar Tres, among others) or publicized in the media as visionary long-term projects (such as Desertec). In 2010, we will
start still another investigation, this time on the economic
viability of a CSP forecasting system for participating in the
day-ahead electricity market (cooperation with the SolarMillennium AG).
1. Development trends and comparative economic
analysis of CSP technologies
In this research project we compare the development trends,
economics and financial risks of alternative large-scale solar power generation technologies (parabolic trough, solar tower, and three different photovoltaic technologies).
In particular, we take an economic look at different solar
power plants that are currently being built or planned, and
study the economic viability of the solar trough projects
Andasol-I (Spain), Nevada Solar One (US), the solar tower
projects PS-10 and Solar Tres (Spain), and the three PV projects Solarpark Waldpolenz (Germany), Parque Solar Beneixama (Spain) and Nellis Solar Power Plant (US). We employ
economic indicators, such as the net present value, return
on investment, alternative discount rate, and amortization
time, and also perform a detailed sensitivity analysis. For
real-world projects, we investigate the economic viability of
different plant types at different locations. We identify development trends and cost reduction potentials, and scrutinize the impact of learning curves. For each of the plants
considered, we do a sensitivity analysis.
Our investigation shows that without subsidization current
CSP technologies are unable to compete with conventional
power plants. We also find that CSP plants are typically economically not viable without receiving subsidization. Apart
from Germany, which takes a leading role in promoting
renewables including solar power, Spain, Portugal, France,

134

Research: Project Descriptions

Italy and many other European countries also promote solar
power generation. In North Africa, Algeria has made a first
inroad in this respect by introducing a feed-in tariff law. The
U.S. has been a leader worldwide for decades where solar
thermal power plants were operated commercially, and it is
still today the country with the highest installed solar thermal power generation capacity.
2. Economic analysis of the Desertec project
This study thesis is dedicated to an economic investigation
of the concentrating solar thermal power project “Desertec”.
Risks, uncertainties and costs of this bold large-scale project, which supposedly could cover some 15% of European
electricity supply by 2050, will be assessed for an initial pilot
project by means of net present value analysis. Moreover,
based on this first exploratory assessment, development
paths will be investigated for deriving sequential investment options for project expansion.
References:
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Institute for Future Energy Consumer Needs and Behavior,
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Study thesis, Chair of energy Economics and Management,
Faculty of Business and Economics, RWTH Aachen University, forthcoming.
Mathar T. (2008). Entwicklungstrends, Wirtschaftlichkeit und
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Study thesis, Chair of energy Economics and Management,
Faculty of Business and Economics, RWTH Aachen University, July.

Tab. 1: Comparative analysis of the different CSP and photovoltaics technologies considered, Base Case
Source: Madlener and Mathar (2009)

Fig. 1: Concentrating solar power plant
Source: Wikimedia
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ASSESSING THE ECONOMICS OF MICRODRILLING FOR
GEOTHERMAL EXPLORATION
In this project we investigate the economics of microdrilling for large-scale deep geothermal systems, based on the
microdrilling concept proposed by the Institute of Applied
Geophysics and Geothermal Energy (GGE), E.ON Energy Research Center.
Before developing a geothermal energy resource, it has to
be explored. That is during the exploration phase, important
resource characteristics are evaluated in order to reduce
the risk for successive project development phases.
Microdrilling has been developed so far to explore and develop primarily shallow (depth of ca. 1500 m) gas and oil
reservoirs. Due to the reduced diameter of the borehole and
the smaller equipment used, it has the potential to reduce
drilling costs. Current research focuses on increasing the
depth of the boreholes, thus enabling the application of
microdrilling also for the exploration of deep (3000-5000 m
depth) geothermal resources.
Within the exploration programme, microdrilling can be applied in the district exploration phase. In doing so, significant drilling cost reductions may be achieved compared to
the drilling of production-sized wells, or major risk reductions for the subsequent prospect evaluation phase, compared to the application of slim-holes. For studying the cost
reductions, we apply a cost model for microdrilling that is
based on an exponential function that takes the resource
depth as the most important parameter driving drilling
costs (Tester and Herzog 1990). For production-sized wells
applied in district exploration and “wildcat” wells we apply a
cost model based on a second-order polynomial functional
form (Patton, 2007). The differences in the two cost models
are caused by additional costs incurred for production-sized
wells in the depth range considered (3000-5000 m), due to
larger diameters and additionally required cementing for
the upper part of the well.
In order to analyze risk reduction, we have also calculated
the expected values of the drilling costs as well as the expected value of the time required to complete exploration
activities. These two expected values are affected by a number of parameters, whose values had to be estimated due
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to a lack of data. In particular, as a first approximation we
have assumed that the time needed for completion of the
well based on microdrilling technology is reduced by 40%
relative to a conventional well of the same depth, and that
another month can be saved due to lower measurement
needs after completion of the well. Further, we have assumed the risk reduction by means of “wildcat” drilling to
be represented by a success rate of 40% (instead of 15%).
On the other hand, additional drilling costs due to higher
material prices and manufacturing costs were assumed to
be at 150% of the costs of conventional drilling. By this parameterization, we have been able to evaluate microdrilling
costs, indicating a modest economic advantage in favor of
microdrilling.
In order to forecast exploration costs for the widespread
use of microdrilling, we applied the experience curve concept. Considering a progress ratio of 90% for manufacturing
costs of the drilling string, and a progress ratio of 98% for
the drilling progress, the exploration costs decrease significantly with cumulated microdrilling activities. Specifically,
after 1000 completed micro-drilled wells a cost advantage
was achieved of some 8.2 million US$ (ca. 33.5%) compared
to the application of production-sized wells and some 6.7
million US$ (ca. 29%) when drilling a slim-hole. Hence, based
on our assumptions (and neglecting cost degression due to
learning in conventional drilling), there is a significant economic potential for microdrilling in geothermal exploration.
Finally, we have evaluated the robustness of our results by
conducting a sensitivity analysis. We find that the progress
ratio of drilling string costs and the risk reduction for the
successive exploration phase have been identified to be
the most crucial parameters affecting the economic potential of microdrilling. Therefore, more research has to be undertaken to ensure that the assumptions made within our
study (which are based on available literature) are indeed
reasonable. In particular, a more detailed risk analysis of the
overall exploration process is needed to identify key parameters that affect exploration risks and thus the economic
potential of new exploration technologies (i.e. not only microdrilling).
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Tester J. W., Herzog H. (1990). Economic Predictions for Heat
Mining: A Review and Analysis of Hot Dry Rock (HDR) Geothermal Energy Technology – Final Report for the U.S. Department of Energy, Geothermal Technology Division, MITEL
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Fig. 1: Drilling diameters by depth, exemplarily for 5000 feet microholes
(as formerly planned by the U.S. DOE) and slim-holes
Source: Patton (2007), p.13
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Chronicle
Electricity Grids in Europe“ at the Sectoral e-Business Watch 2009 Conference, Brussels.
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07

03

01

Prof. Madlener, as part of an E.ON ERC delegation,
meets members of the Midlands Energy Consortium at University of Birmingham for discussions
and cooperation talks.
Prof. Madlener participates as External Examiner
in the PhD defense of Martin Weiss at the University of Utrecht, 7 Dec 2009. Title of the dissertation:
“Learning in carbon accounting and energy
efficiency.“
As the first event in a new academic/research cooperation and exchange between the
RWTH and ITESM (Campus Monterrey), Prof.
Madlener gives a talk about E.ON ERC‘s main research activities to a delegation headed by Prof.
Ricardo Jiménez, leader of the Global Engineering
Project Monterrey.
Giovanni Sorda joins FCN as a Research Associate.

19

Prof. Madlener gives a presentation on “Efficient
Investment Portfolios for the Swiss Electricity Supply Sector“ (with a particular focus on the power
generation mix of Axpo) at an Axpo Workshop or
ganized jointly with Prof. Peter Zweifel, University
of Zurich, in Schloss Böttstein (CH).

11

Prof. Madlener presents some new research on
“Using Fuzzy Real Options Valuation for Assessing
Investments in NGCC and CCS Energy Conversion
Technology“ (jointly with C. Kraemer) in the ENREEnergy Track at the INFORMS Annual Meeting
2009, San Diego, CA, 11-14 October 2009.

01

Dr. Gaurav Ghosh joins FCN as a Post-doc
Researcher.

September 2009
18

Dr. Miguel Ángel Alva González joins FCN as a
Post-doc Researcher.

08

Prof. Madlener delivers a speech on “Energy Efficiency Policies and Rebound Effects in the Light
of the Radical Technical Change” at the 10th IAEE
European Conference Vienna, Austria, 7-10
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November 2009
24

Invited lecture on “Bertrand Competition in
Markets with Network Effects and Switching Costs“
(Prof. Christian Wey, DIW Berlin)

10

Invited lecture on “Neighborhood Choice and
Efficient Coordination“ (Prof. Arno Riedl, Maastricht
University)

09

Prof. Madlener gives a presentation on “Changes
of Consumer Behavior in Electricity Markets” at
the 4th Meeting of Working Group 1 “Advanced
Power Generation Technologies“, Ministry of Economy and Energy of Northrhine-Westphalia, Dusseldorf, 9 November 2009.

Moreover, FCN participated with two further
contributions:
•

“Impact of CCS on the Economics of Coal
Fired Power Plants: Why Investment Costs Do and
Efficiency Doesn‘t Matter“ (Lohwasser R.,
Madlener R.)

•

“Impact of Distributed Generation on the Cost
Effectiveness of Large Power Plants“ (Breuer C.,
Madlener R.)

04

FCN moves to the new E.ON ERC building in
Melaten (Mathieustraße 6, 52074 Aachen), but
keeps a city branch office at its old premises.

October 2009
29

Prof. Madlener presents the new FCN/ACS Special
Study prepared for the EU‘s Enterprise and Industry Directorate General on “Metering and Measurement Facilities as Enabling Technologies for Smart
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01

Prof. Madlener gives a plenary speech on “Energy
Technology Choices in Turbulent Times: Innovation, Habit Persistence, and Uncertainty“ at the 8th
International Conference on “Sustainable Energy
Technologies“, Eurogress Aachen, 1-2 September
2009.
Furthermore, a Special Session on “Economics of
Innovative Bioenergy Technologies“ chaired by
Prof. Madlener contains three contributions of FCN
staff and students:

02

Timm Holtermann, student researcher at FCN,
presents a poster and joint paper with Prof. Madlener on “Technological Developments and the Economic Potential of Photobioreactors“ at the 17th
European Biomass Conference & Exhibition in
Hamburg, 29 June - 2 July 2009.

June 2009
15

Daniel Knörzer joins FCN as a Research Associate.

•

“Diffusion of Agricultural Biogas CHP Technology
in the Niederrhein Region: A Multi-Agent Simulation with a Focus on Heat Sinks and Innovative Heat
Storage Systems“ (Pohl E., Michelsen C., Madlener
R., Knörzer D.)

09

Prof. Madlener gives a plenary talk on the
“Economic Rationale for the LNG Market in
Europe“ at the 3rd International Symposium on
Natural Gas (INGAS 2009), Istanbul, Turkey, 9-10
June 2009.

•

“Assessment of the Technological Development
and Economic Potential of Photobioreactors“
(Holtermann T., Madlener R.)

04

•

“Economic Evaluation of Biomass Co-Firing in
New Hard-Coal Power Plants in Germany“
(Lüschen A., Madlener R.)

Prof. Madlener gives an interview about FCN and on
“How can new technologies penetrate the
market?“ (in German) for “Wirtschaftliche
Nachrichten“, the monthly publication of the
Chamber of Industry and Commerce (IHK) Aachen,
Heft 6/2009.

May 2009
August 2009
03

July 2009
14

09
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29

Dr. Tobias Paulun defends his PhD thesis on
“Simulation der langfristigen Entwicklung des
europäischen Elektrizitätsmarktes“ at RWTH
Aachen University.

28

FCN celebrates its 2nd-Year Anniversary with
guests from RWTH Aachen University, industry
and academia.

19

Invited lecture on “Regional Measures of Human
Capital in the EU“ (Dr. Georg Erber, DIW Berlin)

14

Prof. Madlener gives a presentation on socioeconomic experience and expectations regarding the “Smart Home Vision 2020 - Incentives
and Needs for the Energy Consumer in the
Future“, organized by KIT/FZI, Karlsruhe.

Christiane Rosen joins FCN as a Research
Associate.

Invited lecture on “Real Options Analysis of Investment in CCS Technology“ (Dr. Afzal Siddiqui,
UCL).
Prof. Madlener gives a presentation about FCN at
the E.ON ERC - Midlands Energy Consortium Meeting at the RWTH Aachen University (Super C).
Prof. Madlener gives a presentation on the economics of combining wind parks with Compressed
Air Energy Storage (CAES) systems at the 23rd European Conference on Operational Research
(EURO XXIII), Bonn, 5 - 8 July 2009.
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April 2009
22

FCN hosts a group of school girls as part of the
“Girl’s Day” at RWTH Aachen University.

22

Publication of DIW Weekly Report No. 9/2009
on “Productivity in the Financial Sector: Brains are
more important than Computers“ authored by Dr.
Erber (DIW Berlin) and Prof. Madlener (FCN / DIW
Berlin Research Professor).

March 2009
19

Drs. drs. Marjolein Harmsen - van Hout publicly
defends her doctoral dissertation on “Online
Consumer-to-Consumer Communication Networks: An Economic Exploration of their Formation and Value“, at Maastricht University.

February 2009
18

DIW Berlin Wochenbericht No. 8/2009 published
with contribution of Dr. Georg Erber (DIW Berlin)
and Prof. Madlener (FCN/DIW Berlin Research
Professor) on “Productivity in the Financial Sector:
Heads more Important than Computers“.

January 2009
30

Prof. Madlener joins the International Scientific
Committee of the 2010 International Conference
on Applied Energy (ICAE 2010), Singapore, 21-23
April 2010.

27

Invited lecture on “Efficient Investment Portfolios
for the Swiss Electricity Supply Sector“ (Christoph
Wenk, University of Zurich)

15

Dr. Gesine Arends joins FCN as a Research
Associate.
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Institute For Applied
Geophysics and
geothermal energy

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

Preface
The year 2009 has been one further eventful and busy year
for our Institute of Applied Geophysics and Geothermal
Energy (GGE) at the E.ON ERC. It is characterized by relatively much change in staff, the phasing out of old and
the start of new projects, and most notably, the move to
our new (interim) building with beautifully new and convenient office and laboratory space.
In our teaching, we continue to contribute to both the
German-language geoscience programs at RWTH Aachen
and the English-language M.Sc. program Applied Geophysics which is implemented jointly with the IDEA-league
partner universities TU Delft and ETH Zürich. The RWTH
Aachen B.Sc./M.Sc. programs Georesources Management
and Applied Geosciences enjoy great popularity. This documented by on the order of 200 and 100 applications for
the fall semester 2009/2010, respectively, competing for
only 40 openings in each of the two inscription-restricted
B.Sc. programs. The Joint IDEA-League Master program
was reviewed positively by an external board in early 2009
and, after having overcome difficulties in funding of the
required lecturer position, we are pleased that we can
continue to contribute to this IDEA-League program jointly
with the institutes of RWTH professors Blümich (Macromolecular Chemistry), Littke (Geology and Chemistry of
Coal and Hydrocarbon Deposits), and Meyer (Mineralogy
and Economic Geology) for another four-year period.
In the year 2009, the result of the evaluation of the geosciences at the three universities in Aachen, Bonn, and Cologne (“ABC”) as well as at the Research Center Jülich (“J”)
was announced which had been performed in late 2008 by
a review board of the German Science Council (“Wissenschaftsrat”). The positive outcome of this review resulted,
among other positive developments, in the formation of
the “Geo-Network ABC/J” (Geoverbund ABC/J) which forms
a platform during the next four years for increased syner-
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getic cooperation in science and graduate training. Jointly with my colleague Klaus Reicherter, a geologist, I will
be representing RWTH Aachen University in the steering
group of the Geo-Network ABC/J.
In its research, GGE continues to contribute 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 research projects in the fields of (i) Carbon
Capture and Storage (CCS), (ii) Geothermal Power, and
(iii) Geothermal Heating, Cooling, and Air Conditioning.
Research grants for these projects were won from the German Science Foundation, federal government, and German and international industry partners.
In 2009, the research activities within GGE were communicated and documented in more than 40 and poster presentations in national and international conferences; 7 articles
in peer reviewed international journals and monographs;
one doctoral, 3 Bachelor (B.Sc. Georesources Management),
and 7 Master or Diploma theses (M.Sc. Applied Geophysics;
Dipl.-Phys; Dipl.-Geol).
In the current reporting period, five research projects
came to a successful end, among them two major ones
concerned (a) with assessing the fate of CO2 injected in
geological reservoirs and the associated chemical reactions between the dissolved CO2 on the one hand and the
minerals in the formation and the formation fluid on the
other; and (b) with deriving statistically significant thermal and hydraulic rock properties in the German subsurface to be used, for instance, for a feasibility assessment
of new industrial geothermal energy projects.
After having contributed to the latter project in a leading
position, senior researcher Dr. Andreas Koch will leave the
institute by the end of 2009. Other changes in the insti-

tute’s scientific staff involve both long- and short-term
collaborators: After having contributed to the institute’s
research by both thorough, innovative research and creative new ideas for almost nine years, Dr. Volker Rath left
to assume a new position and pursue new challenges in
atmospheric sciences as a Research Associate at the Universidad Complutense de Madrid, Spain. After 1 ½ years
and the successful completion of her project, Dr. Virginie
Harcouet left the institute to assume a research position
at the Belgian Nuclear Research Centre SCK/CEN at Mols.
And finally, after spending about one year within the institute, Drs. Zamih Zein and Mathieu McPhie left the institute
to take up positions at the Universitiy of Liège, Belgium
and a national research center in Metz, France.
As mature projects phased out, new projects were started.
Correspondingly, we were happy to welcome new scientific and technical staff in our team: senior researcher Dr.
Gabriele Marquart; research assistants Dipl. Math. Henrik
Büsing, Dipl.-Geol. Christoph Grützner, Dipl.-Geoökol. Johanna Smaczny, Dipl.-Phys. Jan Volkmann; and finally, software
engineer B.Sc. Jaouad Doghmi and mathematical software
engineering apprentice Michal Culicki.
GGE continues to assume an active role in the Collaborative Research Centre TR32 between the Research Center
Jülich and the universities in Aachen, Bonn and Cologne
and contributes to a proposal for a second phase of this
Collaborative Research Centre. With regard to the Initiative for Excellence of the German federal and state governments, GGE is involved actively in the Graduate School

Aachen Institute of Advanced Studies in Computational
Engineering Science (AICES) and the sections JARA Energy
and JARA Sim (simulation science) of the Jülich-Aachen
Research Alliance (JARA).
With respect to individual achievements and events, we
are happy to congratulate research assistant Christian
Vogt for receiving an Young Scientist Outstanding Poster Presentation Award from the European Geosciences
Union’s (EGU) Energy, Resources and Environment division for his poster „Quantifying uncertainties in geothermal energy exploration“ presented at the EGU General
Assembly 2009 in Vienna. Our best wishes and congratulations go to our young researchers who became married
(Dr. Roland Blaschek, Dipl.-Math. Henrik Büsing) and parents (Dipl.-Phys. Christian Vogt), respectively. These joyful
events, however, are overshadowed by the tragic death of
our young collaborator Dipl.-Geophys. Jörg Dietrich who,
without personal fault, was killed on his motorcycle in a
traffic accident this summer. Our deepest sympathy and
best wishes are with his young widow and his parents
whom he left behind.
Some of the achievements of our institute required
stretching our resources and infrastructure to the limit.
However, growing integration into the E.ON ERC, particularly fostered by the move into a joint building, provides
additional support. At the end of an eventful and exciting
year I express my sincere appreciation to all individual
members of staff who contributed their energy and enthusiasm to our joint efforts and achievements!

CONTACT
Univ.-Prof. Dr. rer. nat. Christoph Clauser
Director GGE
Mathieustraße 6
52074 Aachen
Germany

T +49 241 80 49880
F +49 241 80 49889
cclauser@eonerc.rwth-aachen.de
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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 lab and field
courses.
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.
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 websites for
details of our laboratory (and field geophysics) equipment:
www.eonerc.rwth-aachen.de/ca/c/sww/?lang=en
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
electrical 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 near surface logging a direct push sensor for complex
electrical resistivity measurements is available. Additional
geophysical direct push sensors are under development.
For measurements at the Earth’s surface, equipment is
available at GGE for:
•
seismic velocity – 24 channel seismic instrument;
•
DC resistivity instrument (for up to 100 electrodes);
•
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.

Contact
Dr. Rainer Schütt
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T +49 241 80 49898
F +49 241 80 49889
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 semester 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 starting with winter semester 2008/2009.
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 IDEALeague 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. 2009 shows a further
increase with 24 inscriptions. 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. In 2009 the program was evaluated
by an international committee of representatives from European universities and worldwide active exploration companies. The evaluation report certifies highest recognition to
the program. The committee evaluates the study course after
its first three years of performance as a world wide leading
programme in the education of applied geophysics.
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Courses
B.Sc. Angewandte Geowissenschaften /B.Sc. Georessourcenmanagement
Winter Semester 2008/2009

Title

Lecturer

Einführung in die Geophysik

Dr. Frank Bosch

Grundlagen der angewandten
Seismik, Gravimetrie

Geophysik

Offenes Diplomanden- und Doktoranden-Seminar

I

– Prof. Dr. Christoph Clauser
Dr. Norbert Klitzsch
Dr. Frank Bosch

Anleitung zum selbständigen wissenschaftlichen Prof. Dr. Christoph Clauser
Arbeiten

DE

EN

SPPW

+

L2, E2, Tut4

+

L4, E2

+

+

+

S2
Tut2

Summer Semester 2009
Title
Grundlagen der Angewandten Geophysik
(Magnetik, Geoelektrik, Elektromagnetik)

Lecturer
II Dr. Roland Blaschek
Dr. Norbert Klitzsch

EN

SPPW

+

L4, E2

L2, E2

Angewandte Geothermik

Prof. Dr. Christoph Clauser

+

Scientific Reading And Writing (STRAW)

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

+

+

L/E2

Offenes Diplomanden- und Doktoranden-Seminar

Dr. Frank Bosch

+

+

S2

Anleitung zum selbständigen wissenschaftlichen Prof. Dr. Christoph Clauser
Arbeiten
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DE

+

Tut2

Dr. Frank Bosch
Erkundungsmethoden der Geophysik, Hydrogeologie Dr. Tomás M. Fernández-Steeger
und Ingenieurgeologie
Dr. Norbert Klitzsch
Prof. Dr.Thomas R. Rüde
Prof. Jan van der Kruk

+

FE2

3D-Seismik der Fa. DMT in Österreich

Dr. Frank Bosch

+

Exc2

Geothermie-Exkursion

Dr. Frank Bosch
Prof. Dr. Christoph Clauser

+

Exc2
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Winter Semester 2009/2010

Title

Lecturer

Einführung in die Geophysik

Dr. Frank Bosch

Grundlagen der angewandten
Seismik, Gravimetrie

Geophysik

Offenes Diplomanden- und Doktoranden-Seminar

I

– Dr. Norbert Klitzsch
Prof. Jan van der Kruk
Dr. Frank Bosch

Anleitung zum selbständigen wissenschaftlichen Prof. Dr. Christoph Clauser
Arbeiten

DE

EN

SPPW

+

L2, E2, Tut4

+

L4, E2

+

+

+

S2
Tut2

M.Sc. Angewandte Geowissenschaften
Winter Semester 2008/2009

Title

Lecturer

DE

EN

SPPW

Strömungs- und Transportmodellierung

Dr. Roland Blaschek

+

L/E2

Projektarbeit Numerische Modellierung

Dr. Roland Blaschek
Dipl.-Geol. Thomas Demmel

+

L/E2

Winter Semester 2009/2010

Title

Lecturer

Strömungs- und Transportmodellierung

Dr. Roland Blaschek

+

L/E2

Projektarbeit Numerische Modellierung

Dr. Roland Blaschek
Dipl.-Geol. Thomas Demmel

+

L/E2

Petrophysik

Dr. Frank Bosch
Dr. Bernd Krooß

+

+

L/E2

+

+

L/E2

Geophysikalische Bohrlochmessungen und deren Dr. Frank Bosch
Interpretation
Dr. Renate Pechnik

DE

EN

SPPW
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IDEA League Joint M.Sc in Applied Geophysics (Collaboration of ETH Zurich, TU
Delft and RWTH Aachen University)
Sep 2009 – Dec 2009

Title

Lecturer

DE

EN

SPPW

Geothermics

Prof. Dr. Christoph Clauser

+

L/E2

Geophysics Special Methods: NMR and SIP

Prof. Dr. Bernhard Blümich
Dr. Norbert Klitzsch

+

L/E2

Geophysical Logging and Log Interpretation

Dr. Frank Bosch
Dr. Renate Pechnig

+

+

L/E2

Petrophysics

Dr. Frank Bosch
Dr. Bernhard Krooß

+

+

L/E2

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
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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, Dr. Thomas Fernandez-Steeger). 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 geosciences.
Geothermics Field Trips
Dr. Frank Bosch, Prof. Dr. Christoph Clauser
During summer semester of 2009, the institute offered a five
day geothermics field trip. The field trip visited commercial
facilities and research projects regarded as milestones for
the use of geothermal energy in France, Switzerland and,
Southern Germany. Students obtained insight in the application of different techniques for using geothermal energy
for heating and the production of electricity.

Field Trip to a 3D-Seismic Survey of the Deutsche Montan
Technologie (DMT)
Dr. Frank Bosch
This field trip of five days organized in the summer semester of 2009 visited a commercial 3D seismic survey of the
geophysical service company DMT (Essen, Germany) for the
exploration of hydrocarbons in Austria near lake Attersee,
Germany. Techniques employed and logistics required were
presented to the students during visits to active survey
teams in the field and the logistic field centre. The visit of
gas storage facilities complemented the insight into 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.
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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.
Geophysics Special Methods : NMR and SIP
Prof. Dr. Dr. h.c. Bernhard Blümich (Macro-molecular
Chemistry), Dr. Norbert Klitzsch
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.
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.
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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.

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

THESES
B.Sc. Theses in Georessources Management
Blomeyer, J. 2009. Kombination von kapazitiver Geoelektrik
und Georadar zur archäologischen Prospektion im OrchonTal, Mongolei. B.Sc. Thesis, Applied Geophysics and Geothermal Energy, E.ON Energy Research Center, RWTH Aachen
University.
Gnjezda, D.K., 2009. Generierung eines geologischen Untergrundmodells zur geothermischen Reservoirsimulation für
das Produktionsfeld Hohne. B.Sc. Thesis, Applied Geophysics and Geothermal Energy, E.ON Energy Research Center,
RWTH Aachen University.

Mester, A., 2009. Entwicklung einer Zeitbereichselektrometrie (TDE) – Sonde für das „Direct Push“ – Verfahren. Diploma
Thesis, Applied Geophysics and Geothermal Energy, E.ON
Energy Research Center, RWTH Aachen University.
Volkmann, J.M., 2009. Modellierung von SIP-Messungen auf
der Porenskala. Diploma Thesis, Applied Geophysics and
Geothermal Energy, E.ON Energy Research Center, RWTH
Aachen University.
Wiens, E., 2009. NMR- und SIP-Eigenschaften von teilgesättigten Gesteinen. Diploma Thesis, Applied Geophysics and
Geothermal Energy, E.ON Energy Research Center, RWTH
Aachen University.
Dissertation

Sihelnik, S., 2009. Methodenentwicklung zur Messung der
Druckabhängigkeit der Wärmeleitfähigkeit von Lockersedimenten. B.Sc. Thesis, Applied Geophysics and Geothermal Energy, E.ON Energy Research Center, RWTH Aachen
University.

Rühaak, W., 2009. Multidimensional modeling of the thermal
and flow regime in the western part of the Molasse Basin,
Southern Germany. PhD Thesis, Applied Geophysics and
Geothermal Energy, E.ON Energy Research Center, RWTH
Aachen University.

M.Sc Theses in Applied Geophysics
(IDEA League Joint Master)
Fatima, T.N., 2009. Determination of porosity from acoustic
shear wave measurements in Völkersen Field, Germany.
M.Sc. Thesis, Applied Geophysics and Geothermal Energy,
E.ON Energy Research Center, RWTH Aachen University.
Klotzsche, A., 2009. Full-waveform Inversion of Crosshole
Ground Penetrating Radar Data to Characterize a Gravel
Aquifer close to the River Thur, Switzerland. M.Sc. Thesis, Applied Geophysics and Geothermal Energy, E.ON Energy Research Center, RWTH Aachen University.
Neukirch, M., 2009. 2-D Sensitivity of the Capacitively Coupled Resistivity Method using Line Antennae. M.Sc. Thesis,
Applied Geophysics and Geothermal Energy, E.ON Energy
Research Center, RWTH Aachen University.
Diploma Theses
Kosack, C., 2009. Inverse Modelling of the 2005 Tracer Circulation Test at Soultz-sous-Forêts, France. Diploma Thesis,
Applied Geophysics and Geothermal Energy, E.ON Energy
Research Center, RWTH Aachen University.
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Physical Properties of Rocks –
Installation of a Test Facility
A measuring system for estimation of the physical properties of rocks under in-situ pressure and temperature is under
continuous development.
Natural rocks are inhomogeneous media. The description of
the internal structure of grains and pore space is difficult
and only approximate. So many of the relations between
two or more physical rock parameters base upon laboratory
measurements and are more or less of descriptive character, or are rough estimations of the physical effects. For special rock formations conclusions and correlations are drawn
from measurements of a multiplicity of comparable rock
samples, for example sandstones or limestones.
Physical rock properties - e.g. density, porosity, compressional and shear wave velocity against the degree of saturation
or type of pore fluid - are essential input parameter for interpretation of seismic and borehole logging data. Without
data for permeability, porosity, thermal conductivity etc.
computational simulations of geothermal and hydrocarbon
reservoirs are impossible, the same is true for modelling of
CO2 storage in the underground.

The properties of porous rocks vary with ambient pressure.
Especially samples brought from deep boreholes to surface
are affected by the drilling itself and in particular by the
pressure release, both results in generation of new and
opening of pre-existing cracks. Laboratory measurements
at elevated ambient pressure can downsize these effects.
Porosity and permeability decreases with pressure while
the velocity of shear- and compressional waves increases.
Measuring more than a single sample is important for getting results in variation range and anisotropy of a rock.
The increase of pressure and temperature inside the earth
with depth demands also measurements at corresponding
values. At 3000 m below surface temperature has increased
to 90...100°C, the lithostatic overburden pressure reaches
about 100 MPa (1 kBar), and pore pressure 30 MPa or more
(rock density 2500...3000 kg/m3, water density 1000 kg/m3).
In the first step we installed a pressure vessel for 20 MPa
ambient pressure.
This project is funded by a research grant from the E.ON
ERC.

Contact
Dr. Rainer Schütt
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T +49(0)241 80 49898
F +49(0)241 80 49889
rschuett@eonerc.rwth-aachen.de

Fig. 1: Setup for permeability measurements

Fig. 2: Example of an Argon gas permeability measurement and the Klinkenberg correction
for getting a medium independent value for the permeability
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CO2Seals – Integrity of cap rocks for CO2 storage

The joint research project CO2Seals of RWTH Aachen University
and Universität Karlsruhe (TH) 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 stability of cap rocks and the geomechanical changes of
fault zones caused by rock alteration are measured by shearing
experiments using unmodified shear surfaces and surfaces altered by reaction with CO2-rich fluids.

CO2Seals is based on previous and ongoing research activities
and aims to evaluate the sealing properties of geological barriers exposed to dissolved and free CO2. The major topics focus on
mineral alterations and reactive CO2 and brine-rock interactions,
the changes in petrophysical and fluid transport behaviour including transport along faults and damage zones, and the evolution of the geomechanical properties of fault zones as a function
of the degree of alteration.

In close conjunction with the laboratory experiments different
numerical simulation tools will be adapted and used for simulating the effective petrophysical and geochemical processes
on different scales (see Fig.1). These simulation tools can handle
mineral reactions and multi-phase reactive transport and will
focus on an improved understanding of geochemical, rockmechanical and petrophysical effects of CO2 injection in reservoirand cap rocks. Thus, the CO2Seals project will provide essential
information on the long-term stability of underground CO2 storage reservoirs.

Permeability, gas breakthrough, and diffusion experiments are
performed on selected caprock samples, such as the Opalinusclay and marl limes of the Late Cretaceous, in existing triaxial
flow cells with aqueous CO2. Mineral reactions on surfaces of
fault zones and fissures may on the one hand increase permeability but on the other hand also cause self-healing. Therefore,

The project is funded by the R&D program “GEOTECHNOLOGIEN”
of the BMBF (Federal Ministry of Education and Research). Furthermore, it is co-funded by the industrial partner Shell International Exploration and Production, Netherlands.

Fig. 1: Numerical simulation of the triaxial CO2 percolation flow experiments: a) simulation grid of the sample (size 15x30 cm);
b) diffusion of CO2 after 2 hours; c) diffusion of CO2 after 3 days
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Investigation of the Vertical Variation in Specific
Heat Flow on the Kola Peninsula
In this research project, we studied the influences of past temperatures during the last ice age and of groundwater flow on the
subsurface temperatures at the Kola Peninsula using forward
simulation and inverse parameter estimates of 3D finite difference models.
Temperatures in the subsurface are influenced by different processes, such as radiogenic heat generation, fluid flow, heterogeneities, and tectonic processes.
Also the time dependent surface temperature sequence over
the last few thousand years (paleo temperatures) has an influence on recent borehole temperature profiles and may thus
be valuable when comparing the results of large-scale climate
models to observations and may be used as a calibration in order to quantify the effects of global warming today.

Forward and inverse simulations in a 3D model (see Figure 1)
of the subsurface provide estimates for the permeabilities and
paleo temperatures and explain the vertical variations of the apparent specific heat flow.
As available data do not allow a unique decomposition, we propose a combination of fluid flow and paleoclimate influence as
the most probable explanation for the specific heat flow density
variation and provide reasonable limits for both processes.
This project was funded by the Deutsche Forschungsgemeinschaft (DFG) (grand CL 323 121/4-4).

A dataset from the Kola Peninsula near the Finno-Russian border containing information from 7 boreholes with a depth up
to 1.6 km in the surroundings of the Kola super deep hole SG3
gives an unique opportunity to investigate the relative contribution of the different processes to the temperature depth profiles
observed in the boreholes. Here, two processes dominate: (i)
groundwater flow, and (ii) paleo temperatures.
During our recently finished project, we investigated these influences by performing numerical modelling.
The groundwater flow is strongly affected by the permeability.
Unfortunately, the knowledge about the permeability in the
area is insufficient. Therefore, we propose different approaches
for the permeability distribution: (a) multiple permeability zones
following the geological layers and (b) exponentially decaying
permeability with depth.

Fig. 1: 3D model of the Kola area. The different geological
layers are distinguished by grey scale
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Reducing Risk in Geothermal Reservoir Development

Exploration of geothermal reservoirs for power generation
involves high engineering and economic risks due to the
need of area-wide geophysical and geological prospection
and the drilling of deep boreholes. The aim of this project
(MeProRisk) is to develop a strategy guide line to reduce
these risks by invoking an interdisciplinary task force with
specialists from different fields. Scientists from three German universities (FU Berlin, Christian-Albrecht-University
Kiel) and two private companies contribute with new methods in seismic modelling and interpretation, numerical reservoir simulation, estimation of petrological parameters, and
3D visualization.
The key idea in MeProRisk is to understand the development of a geothermal reservoir as an iterative process. A
first conceptual model for flow simulation and heat transport is developed based on limited initial information on
geology and rock properties. In the next step, additional
data will be incorporated which is based on (a) new seismic
interpretation methods to determine small interconnected
fractures, (b) statistical studies on large numbers of rock
samples to estimate reliable rock parameters, (c) in situ estimates of the hydraulic conductivity tensor. This results in
a continuous refinement of the reservoir model where inverse modelling of water circulation allows estimating the
uncertainty and resolution at every iteration step. Information on uncertainty may be used to direct further exploration and to optimize additional borehole locations.
During the first period of the project an effective numerical work-bench was developed based on parallel computing
and automatic differentiation. The core of the work-bench
is a forward code to solve the transport equations for mass,
heat and chemical solution in a porous matrix. Additional
implementations allow inverse or geostatistical estimates

of stochastic parameters using steady state or transient
observations. A first application of a Bayesian Inversion for
the permeability distribution in the enhanced geothermal
reservoir of the European EGS demonstration site Soultzsous-Forêts (see also Annual Report 2008) are presented in
a Diploma thesis and indicate that the implementation of
a complete dataset of the “2005 Tracer Circulation Test” suffices to estimate the distribution of permeability, porosity
and diffusion in a number of models. Further discrimination
among these models towards the true parameter distributions would need a refined geological model and additional
observations to resolve mutual dependencies between the
parameters. However, all successful models fall into a narrow range of parameter values and allow a reliable estimate of hydrothermal connectivity distribution.
A new application is focussed on a geostatistical parameter estimate in the Northern European Sedimentary Basin,
where the thermal gradient at a proposed production location needs to be known with sufficient accuracy. The statistical approach for a stochastic parameter estimate is shown
in Figure 1 where the geostatistical simulation contains
typically 1000 different realisations for the forward model.
The results of the forward model are analysed statistically.
For the eligible reservoir this results in a clear reduction of
uncertainty of the thermal gradient to be expected in the
producer bore hole as indicted in Figure 2.
This project is funded by the German Federal Ministry of
Education and Research (BMBF).
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Fig. 1: Schematic work flow for a geostatistical rock parameter estimate.

Fig. 2: Expected temperature gradient in a proposed bore hole
for a geothermal reservoir. The dashed lines indicate the error
bounds for a simple error propagation assumption, the numerous
lines are due to the statistical accumulation of temperature depth
distributions indication a clear reduction in uncertainty.
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Modelling Multiphase 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 multiphase 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 trapping 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 available approximations has been made and
suitable modules were chosen.
This project is funded by a research grant from the E.ON
Energy Research Center.

Fig. 1: CO2 storage in the Sleipner gas field, source:
www.sintef.no
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Statistically Significant Rock Properties for
Geothermal Use
This project compiled 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 were 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 (Fig. 1). Usually, conservative assumptions are made about these properties,
resulting in greater drilling depth and increased exploration
cost.
To overcome this predicament, we studied 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 consisted 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.
Using modern core scanning technology allowed measuring rapidly thermal conductivity, sonic velocity, and gamma
density with high resolution on a large number of samples.

In addition, we measured porosity, bulk density, and matrix
density based on Archimedes’ principle and pycnometer
analysis. Tests on a smaller collection also included specific
heat capacity, hydraulic permeability, and radiogenic heat
production rate.
In the last project year until the project end on May 31st,
we completed the measurements on 230 mostly Devonian
and Carboniferous drill cores from 20 deep boreholes in the
region of the Lower Rhine Embayment and the Ruhr area.
In addition, we performed sampling campaigns and subsequent measurements on 74 more drill cores from the subsurface of the Eastern Molasse Basin in Southern Bavaria.
By integration of lab data, well log data and complementary mineralogical analyses, we derived statistical moments
of the desired rock properties for selected main rock types
as well as for geologic strata from these regions (Fig. 1).
In order to exemplarily demonstrate the value of such a
data base, we furthermore developed a stochastic approach
(compare description of MeProRisk project) which enables
to estimate the productivity risk within a geothermal project. An exploration scenario was designed for a geothermal heating project in The Hague, Netherlands, where the
predicted uncertainty in reservoir temperature could be reduced by more than 50 %.
The project was funded by the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (project
number 0327563).
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Fig. 1: Example of thermal conductivity λs (left) of various sandstones (water saturated) measured within the project (grey
boxes indicating the mean values and standard deviations) compared with ranges from data compilation (light grey box).
The values are controlled by the mean bulk rock composition (right), in particular by the quartz content (elevating λs) and
the water-filled porosity (lowering λs).

Contact

166

Research: Project Descriptions

Dr. Andreas Koch

Dr. Rachel Jorand

T +49 (0)241 80 49894
F +49 (0)241 80 49889
akoch@eonerc.rwth-aachen.de

T +49 (0)241 80 49893
F +49 (0)241 80 49889
jorand@eonerc.rwth-aachen.de

Numerical analysis for characterization of fluid
movement in reservoirs (CO2-injection) and overburdens
(CO2-leakage) via self-potential measurements
In response to global climate change by the emissions of greenhouse gases, several schemes have been proposed to inject liquefied CO2 into the earth after sequestration. The assumption for
these schemes will be to monitor the propagation of CO2 in the
subsurface and the knowledge of fluid paths, fluid velocity and
distribution.

A material problem needs to be solved when using in a second step supercritical CO2 instead of (salt)water. Supercritical
CO2 means CO2 above a pressure of 7.37 MPa and temperatures
above 31°C. Synthetic materials are (mostly) swelling more or
less. Fluorelastomere (e.g. Viton) are possible materials but different types have to be tested.

The self-potential (SP) method, as a well studied geophysical
method, is used to measure the electrokinetic process of streaming potential, in which electrical current flow is generated by the
flow of fluid through a porous medium. Numerical simulations
of the SP response in single phase flow (water) and multiphase
flow and the inversion of SP signals will be carried out. The results of the simulations will also be used to develop cost-efficient monitoring concepts for fluid movements in the reservoir
and to locate leakages above the reservoir (in shallow boreholes
or on the surface).

In order to validate our modelling approach, we will perform a
small scale experiment to test leakage scenarios. It is rather difficult to have access to real sequestration site data, so that we
will work by analogy on a CO2 source site situated in the Eifel.
The field work will consist in performing geoelectrical and SP
measurements.

Several parameters, needed for numerical simulations of the SP
signal, such as the coupling coefficient between fluid pressure
gradient and electrical current density have been first taken
from the literature but laboratory investigations are crucial for
better resolutions. A schematic of an experimental apparatus
of a test cell is shown in figure 1. Non-polarizable electrodes for
measuring the streaming potential and pressure transducer for
registrating the fluid pressure gradient attached at the beginning and end of the sample are the main measuring components. We have to measure data at consolidated rocks under elevated ambient pressures for modelling the deep underground.
An autoclave for realizing an elevated ambient pressure has to
be built at one of the mechanical workshops of RWTH University.
Instead of gravitational flow for rock samples with low permeability a pump with a constant fluid delivery or constant pressure mode is essential. The electrical potential measured across
the sample must be purely a function of the applied hydraulic
gradient to accurately characterize the streaming potential coupling coefficient.

The project is funded by a research grant from the E.ON ERC.

Fig. 1: Schematic of an experimental apparatus of a test cell
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Integrated Ocean Drilling Program, IODP
As part of the European Petrophysical Consortium (EPC), GGE
contributes to the international Integrated Ocean Drilling Program (IODP) by providing staff and technical equipment for
marine expeditions and performing petrophysical lab analysis
of rock samples drilled during IODP expeditions.
IODP is an international marine research drilling program
dedicated to globally explore 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 (D/V CHIKYU and JOIDES Resolution)
and Mission-specific platforms (MSP).

Beginning 2010, a GGE scientist will participate on Expedition
318 Wilkes Land which will focus on the understanding of
processes in the Antarctic cryosphere.
This project is funded (a) by the European Consortium for
Ocean Research Drilling (project Provision of Logging and
Scientific Petrophysical Research Services – R8/H4/16/02)
and (b) by the National Science Foundation through the Joint
Oceanographic Institutions, Inc (JOI) (project The JOI Alliance:
Systems Integration and a Riserless Vessel for IODP - JSC 4-03.

After the refurbishing of the research vessel JOIDES Resolution, a GGE scientist participated as a trainee logging staff
scientist in Expedition 320T Sea Trials. The objectives of this
expedition, going from Guam to Hawaii, were a shakedown of
the ship’s drilling, coring and downhole logging capabilities
and a test of a new wireline heave compensator. In preparation for sea going expeditions, two members from GGE passed
an obligatory „Offshore Survival Training Course“ at Hamburg.
Furthermore, one GGE scientist was trained as marine mammal observer during a five day course at the British Geological Survey at Edinburgh (UK) in May. During an EPC project
meeting in May at Leicester (UK) the scientific goals of GGE
inside the frame of EPC were discussed. During June and July
two GGE scientists participated in Expedition 313 New Jersey
Shallow Shelf working in total six weeks offshore on carrying
out „Multi Scanner Core Logger (MSCL)“ measurements and
quality control of data acquisition and processing procedures.
For the onshore part of Expedition 313 at Bremen (Germany),
GGE provided a thermal conductivity meter to perform TC
measurements in the lab. Beside these activities, GGE staff
is attending the monthly video-conferences organised by
the Expedition Project Management at Texas A&M University.

Fig. 1: The JOIDES Resolution during the Expedition
320T Sea Trials

Fig. 2: The Lift Boat Kayd used in Expedition 313
New Jersey Shallow Shelf
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Application of Impedance Spectroscopy for
Determining the Wettability of Reservoir Rocks
Reservoir rocks can be oil or water wet, i.e. the rock matrix
can be in contact with oil or water in natural oil reservoirs.
The wettability of rocks influences reservoir properties like
relative permeability (e.g. of the oil phase) and residual oil
(or water) saturation essentially. Accordingly, the knowledge of wettability is necessary for reservoir management
and for reservoir capacity prediction.
At present, there are quantitative (e.g. Amott index) as well
as qualitative (e.g. NMR) laboratory methods to determine
wettability. Both methods have disadvantages: The quantitative methods are time consuming while the qualitative
methods are expensive. Furthermore, these methods for
wettability determination can be applied in the laboratory
only.
In this project we study whether impedance spectroscopy
(IS) or combined measurements of IS and NMR (relaxometry) may be an appropriate alternative method to asses
wettability. IS seems to be promising since the IS properties
depend on the electrochemical properties of the inner surface of rocks which control the wettability as well.

Fig. 1: Experimental equipment for 4-point IS measurements.

We want to derive relations between IS and NMR properties
and wettability from IS and NMR measurements at different two-phase systems (oil-water/gas-water saturated artificial porous media and reservoir rocks) and from numerical
simulations of IS and NMR properties at the pore scale. The
resulting relations shall be used to
1.

develop an IS wettability index

2.

develop a “wettability tool”, which allow the determination of wettability for different water saturations by
combined IS and NMR measurements.

Such a “wettability tool” can be used at the laboratory as
well as in boreholes for direct measurement of wettability
and monitoring e.g. of EOR (enhanced oil recovery) measures.
This project is funded by DGMK (Deutsche Gesellschaft für
Erdöl, Erdgas und Kohle e.V.).

Fig. 2: Pore scale modelling of IS properties.
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Geo-Archaeology in the Steppes – Reconstruction of Cultural
Landscapes in the Orkhon valley, Central Mongolia
Our institute participates in the interdisciplinary project
“Geo-Archaeology in the Steppes – Reconstruction of Cultural Landscapes in the Orkhon valley, Central Mongolia”.
Prof. Dr. Bemmann from the Institut für Vor- und Frühgeschichtliche Archäologie of the University of Bonn heads
the investigations. The project brings together archaeologists of the Mongolian Academy of Sciences and of the Rheinische Friedrich-Wilhelms-Universität Bonn, geographers
of the Freie Universität Berlin, physicists of the Institut für
Photonische Technologien e.V. Jena, geophysicists of the
Rheinisch-Westfälische Hochschule Aachen, and engineers
of the Deutsches Zentrum für Luft- und Raumfahrt e.V. Berlin. Apart from geo-archaeological questions, the development and adaptation of new technologies for the special
working conditions in the steppe is an important aim of the
project.
Main objects of our work is to gain information about the
Orkhon river history, imaging sediment architecture and distribution, and prospecting archaeological sites with highresolution shallow geophysics. The research will help to assess the settling history in the Central Mongolian steppe of
the Orchon valley. The data will allow to determine and to
reconstruct the interactions between nature and humans
in the high-continental ecosystem. Two main questions are
essential:

In May 2009 Dipl. Geophys. Christoph Grützner, stud. Sonja
Mackens, stud. Jasmin Blomeyer and Dr. Norbert Klitzsch
conducted the first geophysical field campaign of this
project. We explored the sedimentary architecture of the
Orkhon valley and collected 3-D geophysical data of archaeological sites in the surroundings of the former Mongolian
capital Karakorum. Thus, we applied the geophysical methods capacitively coupled geoelectrics (OhmMapper) and
ground penetrating radar.
For the future we aim to develop a standard algorithm for
the combined analysis of geoelectrical and GPR data for
archaeological purposes. Furthermore, we are developing
direct push resistivity and permittivity sensors, which will
be used during the next field campaign to attain high resolution physical parameter distributions and thus, to improve
the interpretation.
The project is funded by the German Ministry of Education
and Research (BMBF).

Which anthropogenic and non-anthropogenic impacts on
landscape-evolution happened in this region since its first
settlementation till today?
Which preferences in choosing settling locations and adjustment mechanisms existed in the different settlement
times (Palaeolithic - Iron Age - Turk/Uighuur and Mongolian
Empire - Mandschu Empire)?
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NMR Measurements on Tight Gas Rocks
In this project, five geoscience institutes from RWTH
Aachen University work together in order to improve the
prospection and management of tight gas reservoirs.
With increasing energy demand, economical production of
natural gas from unconventional sources, such as tight gas
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 but this parameter is difficult to determine.
Our project aims at improving the prediction of tight gas
reservoir properties such as gas and water content and
especially (relative) gas permeability using NMR (nuclear
magnetic resonance) measurements. To this end, we carry
out NMR measurements under variable gas/water saturations on rock samples from a North Sea natural gas reservoir.
Nuclear Magnetic Resonance (NMR) relaxation measurements on rock samples and in boreholes are used for a
fast and non-destructive determination of porosity, poresize distribution, and for permeability prediction. Unfortunately, the standard interpretation scheme for water saturated rocks can not be applied for rocks containing
multiple fluid phases.

In this project, we study the applicability of NMR for deducing gas and water content, as well as absolute and
relative permeability of tight gas rocks (i.e. the permeability of a fluid phase at partial saturation). Numerical simulations of multi-phase flow (relative gas permeability) and
NMR relaxation will be carried out on the pore scale in order to link the NMR with the transport and storage properties. The simulation results will be verified by laboratory
experiments.
Our project comprises three main phases: (1) petrophysical characterisation of the samples under investigation,
(2) measuring desaturation curves (pressure dependent
saturations), relative permeabilities, and the NMR Properties (relaxation time distributions, self diffusion coefficients) at different gas saturations, (3) multi-phase flow
and NMR properties will be simulated at the pore scale in
order to establish relationships.
Until now, we measured the NMR properties of 15 water
saturated samples from four different boreholes in the
North Sea. Additionally, we started with the NMR measurements at different gas saturations.
The project is funded by Wintershall Holding AG.

Fig. 1: a) T2 measurements and b) Decay time distributions at different water saturations
(sample TG-19, Φ = 9.7 %)
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Characterization of flow properties of soils with
SIP and NMR
O. Mohnke, N. Klitzsch and C. Clauser
Structural and state properties (water content, concentration) as well as their changes are measured and visualised
from the pore scale up to the field-scale based on non-invasive imaging techniques. The information provided by these
measurements will be used to derive direct relations between soil structure and flow processes leading to improved
estimations of preferential flow model parameters. This project is embedded within the framework of the Transregional
Collaborative Research Centre 32 (SFB TR 32) - Patterns in
Soil-Vegetation-Atmosphere Systems: monitoring, modelling
and data assimilation.
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 only information related to the
employed measurement principle (e.g. electrical properties), the derived information needs to be translated into
relevant flow and transport properties.
The scientific goal of this project section (A2) is to translate
measured data into soil structural and state properties of
the vadose zone, where heterogeneities of these properties
strongly influence the flow properties. The spectral induced
polarization (SIP) and nuclear magnetic resonance (NMR)
methods (relaxometry and diffusometry) are employed
since the SIP and NMR properties as well as the constitutive
relations (i.e. the pressure-dependent water saturation and
relative permeability) follow directly from the microscopic

pore structure and the physicochemical properties of the inner surfaces. We aim at improving the fundamental understanding of these processes at the pore scale and thereby
advancing the interpretation of SIP and NMR data by reducing the application of restrictive approximated interpretation schemes, e.g. for deriving pore size distributions, connectivity or permeability.
For SIP a simple three-dimensional pore system model
has been derived which produces phase spectra in a – so
far – qualitative agreement with experimental results (Fig.
1). This model approach is partially confirmed by classical
theories. In contrast to the so far existing SIP models these
simulations also reproduce the known influence from both
geometrical and physiochemical properties of the saturated pore space. Joint numerical simulations of the NMR
relaxation behavior (Bloch equations) in the presence of
internal gradients (Ampere’s law) and fluid flow (NavierStokes) on a pore scale dimension have been implemented
in a finite element (FE) model using Comsol Multiphysics. In
this respect combined simulations of multiphase flow (Lattice Boltzmann) and respective NMR responses for realistic
pore systems derived from CT scans (Fig. 2) have been compiled. The simulations are verified by corresponding laboratory experiments on partially saturated artificial and natural
soil samples.
Based on these investigations we aim at developing a joint
interpretation scheme for SIP and NMR measurements in
order to assess structure, state, and thus flow properties of
partially saturated soils.
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Fig 1: Left: Simple axial symmetric model of a pore system (colors in child indicate excess concentrations.
Right: SIP spectra featuring low and high frequency minima.

Fig 2: Pore scale simulations of pore systems derived from CT scans. Left: Two phase flow simulation of a
desaturation experiment. Right: Evolution of transversal magnetization during a NMR experiment in a saturated pore space.
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Numerical modeling of CO2 injection into a
reservoir at Malmö (Sweden)
A fully compositional, three-dimensional (3D) numerical
modeling study is performed for a research project on testing geological carbon dioxide storage into a reservoir at
Malmö, in Sweden. We summarize the main lessons learned
from this study:

Our results also show how relative permeability and capillary pressure may alter the amount and extent of salt precipitation ranging from little salt precipitation to a complete
well plugging. When capillary forces are neglected, results
suggest that there will be no salt precipitation.

All simulations show that most of the injected supercritical
CO2 migrates upward. The upward migration of CO2 is limited by the confining cap rock of the Malmö reservoir which
acts as a hydrodynamic trap for the buoyant CO2. This clearly
assumes a mechanically intact, impermeable cap rock.

Results for isotropic permeability after 50 years show that
around 48,500 t from a total of 60,000 t injected CO2 (~ 80 %)
are trapped by dissolution whereas approximately 8,680 t (~
15 %) are stored by hydrodynamic trapping. The remainder,
about 2,800 t (~ 5 %), is immobilized by residual gas trapping.

CO2 also spreads laterally and dissolves partially in the formation water.
The intercalation of thin intra-reservoir claystone and mudstone layers forms traps for CO2 increasing the CO2 storage
capacity significantly. This also strongly limits the lateral extent of CO2 migration in the short term (tens of years).
Results with a coarse model grid suggest that CO2 trapped
mostly at the top of the A+ layer (the best reservoir sublayer) would ultimately migrate laterally about 150 m from
the injection point. By grid refinement, however, this value
ultimately is reduced to 55 m. This implies that simulations
on too coarse a grid will overestimate the plume extent.
Grid refinement studies indicated grid block sizes of 0.4 m
and smaller as sufficient.
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Result also indicates that the temperature variation in question of 5 K at maximum does not alter the fluid and solid
material properties significantly. Hence, simulations can be
run assuming isothermal reservoir conditions.
Simulation results indicate that higher injection rates may
delay or even inhibit salt plugging.
Our simulations also show that after 50 years, first amounts
of CO2 invade the first 20 m of the cap rock. Therefore, chemical reactions may occur as a result of the reduced pH.
This project is funded by E.ON Sverige Värmekraft.
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Fig. 1: (1) Malmö map (left), the Malmö site with the location of the wells FFC-1 and FFC-2
(bottom) and the crossing 2D seismic lines (red). (2) Classification of zone A based on well
logs from borehole FFC-1. Also shown are the lateral and vertical extent of the model and the
middle Jurassic sandstone of layer A+.
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Chronicle
December 2009
31

Andreas Koch leaves the institute (started April 3, 2006)

14-18

AGU Fall Meeting, San Francisco, USA
(Clauser, Volkmann)

07-11

Annick Fehr participates in a GEOFRAME course at
University of Leicester

01

Jaouad Doghmi joins the institute as software
engineer

September 2009
30-01

Ines Draeger visits the cooperation partner at
University of Clausthal

30-01

SIP
workshop,
Bonn
Volkmann, Blaschek)

Meeting of the MeProRisk Working Group in
Wennigsen

28

Christoph Clauser at E.ON ERC Strategy meeting in
Aachen

Ines Draeger takes part in GEOTECHNOLOGIEN
Statusseminar 2009, Aachen

25-26

Roland Blaschek takes part in FKPE meeting,
Hannover

October 2009

22

institute excursion

30

Christian Vogt receives EGU Young Scientist Outstanding Poster Presentation (YSOPP) award

16-17

Annick Fehr takes part in ESO Meeting in
London

30

Roland Blaschek at AICES General Assembly;
re-elected as Member of Steering Committee

14-15

Annick Fehr visits the cooperation partner at
University of Leicester

16

Eugen Wiens joins the institute

08

Christoph Clauser presents project results at E.ON
Sverige in Malmö

15

Christoph Clauser at DFG WG Scientific Drilling
3-4

14

Christoph Clauser at GESEP (German Scientific Earth
Probing Consortium) general assembly; GGE becomes member (for RWTH)

Christoph Clauser at EGEC General Assembly and
Steering Committee in Brussels

1

Henrik Büsing joins the institute

November 2009
02

30-01

12-16
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Ines Draeger participates in a Petrel Introductory
Course of Schlumberger at the University of
Jena

09

Christoph Clauser at Steering Committee of ABC/J
Geoverbund in Bonn

01

Michal Culicki joins the institute as apprentice for
mathematical software engineering

Chronicle

(Klitzsch,

Mohnke,

August 2009
31

Clauser, Marquart, and Vogt take part in SET
2009 convention, Aachen

24-31

GGE moves from Lochnerstr. to interims building
in Mathieustr.

JULY 2009
09

Meeting with Midland Consortium

1

Jan Volkmann joins the institute as PhD student

13-15

Annick Fehr, Frank Bosch and Christoph Clauser
visit the IODP and ECORD cooperation partner
at University of Leicester

11-12

Ines Draeger visits the project partners at the
University of Karlsruhe

13

Roland Blaschek becomes member of AICES
steering committee

04-07

Frank Bosch is trained as a „Marine Mammal
Observer“ at the BGS at Edinburgh in preparation to sea going IODP expeditions.

June 2009
26

Christoph Clauser participates in meeting of
European Geothermal Energy Council in Brussels, becomes member of steering committee

25-29

Annick Fehr visits the cooperation partner in
LAMONT (Columbia University, NY)

19-22

Frank
Bosch
participates
petrophysicist in the IODP
New Jersey Shallow Shelf

10

as
an
ESO
Expedition 313

Frank Bosch presents the IDEA League Joint
Master in Applied Geophysics program at the
annual RWTH Aachen University Student‘s
Information Day.

April 2009
29

Roland Blaschek takes part in GESEP meeting,
Frankfurt

28

Andreas Koch takes part in 5th International
Geothermal Conference, Freiburg

08-24

Annick
Fehr
participates
as
an
ESO
petrophysicist in the IODP Expedition 313
New Jersey Shallow Shelf

20-24

Annick Fehr (poster) and Frank Bosch (poster)
participate in European Geosciences Union
(EGU) General Assembly

08-10

TR32
International
Workshop,
Aachen
(Wiens, Volkmann, Mester, Mohnke, Clauser)

19

Andreas Koch, Ines Draeger, Christian Vogt and
Christian Kosack take part in EGU meeting,
Vienna

06

Jörg Dietrich tragically killed in a motorcycle
accident (started September 24, 2007).

16

Johanna Smaczny joins the institute

09

Ines Draeger visits the Underground research
laboratory (HADES); Belgian Nuclear Research
Centre SCKCEN at Mol (Belgium)

06

Christoph Clauser delivers plenary lecture at 100.
General Assembly of MNU (Deutscher Verein zur
Förderung des mathematischen und naturwissenschaftlichen Unterrichts e.V.)

02

ERC Advisory Board

May 2009
31

Mathieu
McPhie
(started May 19, 2008)

leaves

the

institute

29

Roland Blaschek gives presentation at AICES
Advisory Board meeting

28

Christoph Clauser external examiner at doctoral
defense at University of Stuttgart
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01-02

Annick Fehr and Frank Bosch pass an Offshore
Survival Training course at Hamburg

18-20

Andreas Koch and Lothar Ahrensmeier perform
sampling campaign in Nienhagen

01

Gabriele Marquart joints the Institute and takes
over the position previously held by Volker Rath

12

Christoph Clauser visits DGMK with De Doncker
and Schomburg in Hamburg

09-11

Ines Draeger performs sampling campaign in
Höver (near Hannover)

March 2009
31-01

Roland Blaschek takes part in DEFINE meeting,
Potsdam

05

Christoph Clauser contributes to panel discussion on Geothermal Energy at Heerlen, NL

31

Volker Rath leaves the institute (started July 17,
2000)

01-05

Annick Fehr participates as a logging staff scientist
(trainee) in the IODP Expedition 320T Sea Trials
JOIDES Resolution

23-26

69. Jahrestagung der
Rudersdorf,
Volkmann,
Mohnke, Naderi)

DGG, Kiel
Neukirch,

(Mester,
Klitzsch,

16-18

Frank Bosch participates (poster) in the „IODP/ICDP
DFG-Schwerpunkte Kolloquium“ at Potsdam

13

Christoph Clauser visits E.ON Sverige in Malmö

10

Christoph Clauser and De Doncker visit E.ON Ruhrgas
in Essen

6

Christoph Clauser participates in strategy meeting of
Faculty Georesources and Materials Engineering

FebrUary 2009
22-23
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Christoph Clauser and Frank Bosch participate
in the IDEA League Joint Master in Applied Geophysics evaluation meeting at ETH Zurich
(Switzerland)

Chronicle

JANUARY 2009
31

Samih Zein leaves the institute (started April 7, 2008)
Virginie Harcouet leaves the institute (started July 9,
2007)

10-17

Christoph Clauser and Rachel Jorand attend
IASPEI Conference in Cape Town

1

Christoph Grützner joins the institute

October 2009-March 2010: Christoph Clauser’s sabattical

Team

From left to right: Rainer Schütt, Johanna Smaczny, Annick Fehr, Ines Draeger (front), Rachel Jorand
(back), Christoph Clauser, Andreas Koch, Gabriele Marquart, Ali Naderi Beni, Henrik Büsing, Sandra Krause,
Heinz Triebe, Roland Blaschek, Ute Kreutz, Sonja Mackens, Christian Vogt, Natalia Günther, Christian Kosack, Achim Mester,
Jan Volkmann
Not pictured: Lothar Ahrensmeier, Frank Bosch, Michal Culicki, (Jörg Dietrich), Jaouad Doghmi, Christoph Grützner, (Virginie
Harcouët), Norbert Klitzsch, (Daniel Wegner), (Mathieu McPhie), Oliver Mohnke, Renate Pechnig, (Volker Rath), Eugen Wiens,
(Samih Zein)
„()“ – dropped out

Team
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In this second annual report of E.ON ERC, it is my pleasure
to inform you on progress made during the past year at the
Institute for Power Generation and Storage Systems (PGS).
In the following pages our activities are presented in more
detail.

port that 3 industry projects started in 2009. In this respect,
I would also like to thank the E.ON ERC gGmbH for supporting the development and acquisition of a medium-voltage
DC power supply to start testing electronic transformers in
2010.

During the past year, PGS has grown continuously, reaching by now a “critical mass” of scientists, which allows us to
accelerate the development of innovative solutions in energy conversion technologies, energy efficiency and energy
savings, with strong emphasis, among others, on mediumvoltage power electronic conversion systems and large stationary battery storage systems. A major highlight in 2009
was the fact that Jun.-Prof. Dirk Uwe Sauer tenured and was
subsequently nominated Associate Professor at the Faculty of Electrical Engineering and Information Technology.
Large-scale battery storage systems, for example redox-flow
batteries, continue to be one of the main research topics
that Prof. Sauer pursues at PGS. Furthermore, PGS has been
focusing work on medium-voltage DC converter technology for medium-voltage DC grids, mini power stations with
combined heat/cooling and power, wind farms and storage
systems. We are convinced that “power electronic transformers”, i.e. DC-to-DC converters, will become a key enabling component in future electrical grids that have increased feed-in of renewable power sources. Another major trust in 2009 was the completion of the design of our 5
MW converter and high-speed machine test bench, which is
scheduled to be installed in 2010 in the E.ON ERC test hall.
Based on this study, an application for “large equipment”
was prepared and submitted to the NRW Ministry of Innovation, Science, Research and Technology. As the PGS test hall
(see pictures) reached its completion last December, work
already started to install safety circuits, power supply, control units and data monitoring systems. This laboratory, with
its unique infrastructure and test capabilities already drew
the attention of industrial partners and I am happy to re-

After completing a study on PV converter systems, Gontran
Pâques left PGS and moved to the French-German Research
Institute at Saint-Louis (ISL) to continue his PhD program on
the design and fabrication of SiC power devices. In 2009, we
welcomed Felix Adler who will develop, in cooperation with
ACS, the hardware platform for a super-computing, DSP
based real-time simulator for wind farms. Two international
guest scientists joined the ranks to complete their PhD program. Bernard Szymanski, who will graduate under the supervision of Prof. A. Dmowski at the Department of Energy
of TU Warsaw in Poland, completed his PhD thesis at PGS
on DC converters for distributed power generation. Similarly, Jon San Sebastian started at PGS his work on medium-

Preface

10 kV / 3.3 kV 2.5 MVA transformer for medium-voltage
test bench

voltage electronic transformers. Jon’s stay at PGS was supported by Dr. Ion Etxeberria Otadui, who leads the Control
Engineering and Power Electronics Group of the Ikerlan
Research Center, Guipuzcoa, Spain. Furthermore, Silvano
Taraborrelli was sent by Prof. A . Fratta of University Politecnico di Torino, to complete his master thesis at PGS. Silvano
worked on the characterization of high-power GCT devices,
using our 12 kV power device test bench.
A major event in 2009 was the move of PGS from the Jaegerstraße (Institute for Power Electronics and Electrical Drives)
to the new building in the Mathieustraße. This transition
went smooth thanks to the excellent preparation, planning
and coordination support of the E.ON ERC Administration.
The IT infrastructure worked flawless from day one thanks
to the enormous support of the E.ON ERC and ISEA IT group
under leadership of Dipl.-Ing. Andreas Gubernat.
In 2009, especially after moving in the new center building,
research co-operation with all other E.ON ERC institutes intensified. Also, social contacts improved dramatically. Noteworthy are the barbecue party that was organized jointly
by all institutes after moving in the new building and the
unforgettable Christmas party that was organized for the
first (unfortunately also the last) time in the PGS test hall.
Participating in the soccer cup of the Faculty of Electrical
Engineering and Information Technologies with the PGSISEA team was great fun. However, from the tournament
point of view we have to improve our final score next year!

I would like to thank all PGS assistants who have worked
hard during this transition period and who are leading
our on-going research projects; Felix Adler, Tobias Blank,
Thomas Butschen, Christian Dick, Stefan Engel, Robert Lenke,
Benedikt Lunz, Florian Mura, Dominik Schulte and Stephan
Thomas. All scientists lead project teams consisting of student co-workers and/or master students working on their
final thesis. Currently, twelve students are participating in
research and development projects at PGS. Special thanks
to Florian Mura who, as PGS group leader, assisted chief engineer Christian Dick, in many organizational tasks. Last but
not least, many thanks to Christian Dick, who had to bear
the burden of many managerial and administrative tasks
that are expected from a research group these days.
For 2010, I would like to wish everybody working at PGS, all
of our friends and our industry partners all the best in their
scientific work and business co-operations. May 2010 bring
us many new ideas that help solving the global challenges
we face today to reach a sustainable growth and human
development.

Aachen, January 2010
Rik W. De Doncker

CONTACT
Univ.-Prof. Dr. ir. Rik W. De Doncker
Director PGS

Univ.-Prof. Dr. rer. nat. Dirk Uwe Sauer

Mathieustr. 6
52074 Aachen
Germany

T +49 (0)241 80 96977
F +49 (0)241 80 92203
post_pgs@eonerc.rwth-aachen.de

T +49 (0)241 80 49940
F +49 (0)241 80 49949
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 perform experimental work, various kinds of technical
laboratory equipment are available such as analog and digital oscilloscopes, differential amplifiers, current probes for
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 the comprehensive analysis of 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 the following
sections of this report.
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 from the
company Centrotherm enables the fabrication 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 a 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.

Fig. 1: Diffusion oven and flow box
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High-Power Test Bench

Photovoltaic Test Bench

The test bench for characterizing high-power semiconductors permits the measurement of all power switches 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 turnoff behavior as well as of conducting and blocking state of
single or series-connected high power devices.

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 currently undergoes extensive modification. This includes the augmentation of output power to 465 kW as well as the installation
in a professional cubicle.

Recently, 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 automated 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.

Fig. 2: High-power semiconductor test bench
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Modular Energy Storage
The power generation from fluctuating energy sources such
as wind and solar energy is constantly increasing. Battery
energy storage systems can compensate for the resulting
power fluctuations on the grid. Power levels of up to 100 MW
have to be made available for several hours. In addition, energy storage systems can improve the power quality, thus
increasing the stability and availability of the grid. This requires high availability, reliability and high system efficiency.
A modular approach enables the system to be scalable in
power and energy and to be used in AC and DC grids as well.

Thus, the system will remain operational even in the case
of a fault or for maintenance reasons. The battery voltage
is low. Hence, low-loss devices with low blocking voltages
and generally low isolation requirements can be used. The
energy can be scaled by a parallel system of battery building blocks; the power can be increased by paralleling power
electronic standard blocks. Within the scope of this research
project, profitability and feasibility of this system, using one
common standard block, is investigated.

In general, battery storage systems can be adapted for all
applications in terms of energy and power. Modular battery
energy storage systems may offer unique and scalable solutions for high power and long-term energy demands in the
range of up to approximately 100 MW and several 100 MWh
or even more. Depending on the application, different characteristics are required. For instance, power quality services
require fast reaction in the range of milliseconds; load-leveling applications need higher amounts of stored energy.
Furthermore, systems for urban use often require a high
energy density due to small available installation space.
Battery storage systems always have to be adapted to the
application. In all cases, it is necessary to yield high system
efficiency. For this, it is advantageous to use a high voltage
topology to reduce ohmic losses on the battery side. Such a
system consists of a large number of cells in series.
A modular system will be built from standard building blocks
to flexibly adapt the system to different power and energy
levels. One standard power electronic building block consists of an H-bridge and the DC-link capacitor. A phase leg
of a multi-level cascaded cell converter will be achieved by
the series-connection of these standard blocks for AC grids.
The output quality is superior due to the numerous voltage
levels. Another possibility is to connect a transformer between two standard blocks which results in a DC/DC dualactive bridge converter. If these converters are connected in
series, the system can be adapted to different voltage levels for DC grids. Both systems can be designed redundantly.
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Fig. 1: Flexible energy storage system for ac
and dc grids

Besides theoretical research, a test bench for characterizing
batteries for voltages as high as 6 kV is being built. The DC/
DC converter for the test bench is being developed at the
institute. The test bench’s battery consists of 360 12 V leadacid blocks, with a capacity of 27 Ah per block. The topology of the test bench mainly consists of six battery building
blocks with 720 V each. Thus, the nominal string voltage is
4320 V. The batteries are monitored with LEM Sentinel sensors that measure the voltage, temperature and impedance
of each battery block independently.
In the test bench, it is possible to investigate the behavior
of different battery technologies in a high-voltage series
connection. Efficiency and reliability of such a system are
of special interest and can be analyzed with the described

setup. The main focus is on the optimum topology and reliability as well as typical failure modes in high-voltage battery systems. Furthermore, the necessary measures for cell
balancing in series-connected batteries will be determined.
In addition, a connection of some battery strings in parallel
allows a reliability analysis of redundant topologies.
The fundamental 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), a member of E.ON ERC’s
International Energy Cooperation Program (IECP).
This project is funded by E.ON AG, as part of the E.ON
Research Initiative.

Fig. 2: Test bench‘s high voltage battery with a nominal string voltage of
4320 V
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Impact of Power Station Outage on the 110 kV
Railway Grid
The German 110 kV railway grid will undergo fundamental
changes. In the future, a significant part of the available
power will be provided by power electronic converters. Possible influences of this transformation process on the stability of the railway grid have been analyzed at RWTH Aachen
University.
DB Energie GmbH operates a two-phase 110 kV grid with a
frequency of 16.7 Hz throughout Germany in order to supply
electric power to its railway lines. This grid is fed by thermal and hydroelectric power plants as well as rotating and
static frequency converters. The latter are supplied by the
public 50 Hz network. With modernization work in progress,
the share of power electronic converters in the grid will increase drastically. In the near future, a significant part of
all power in the grid will be provided by static frequency
converters.

In a first step, relevant operating conditions of the grid have
been identified and possible fault scenarios have been defined. Furthermore, simulation models of thermal and hydroelectric power plants, rotating and static frequency converters as well as connections to neighboring railway grids
have been developed und parameterized. Using these models, the impact of faults in the 50 Hz grid on the frequency
stability of the 16.7 Hz railway grid has been studied. A load
flow model of the railway grid has finally allowed the analysis of load flow and voltage stability under the presence of
public grid faults.

This massive increase in static converter capacity is accompanied by a reduction of rotating masses in the system, thus
raising questions of frequency stability. Moreover, power
electronic converters have lower overload capability compared to rotating frequency converters. This may lead to instabilities if power within the grid is not properly balanced.
Therefore, the impact of faults in the public 50 Hz grid on
frequency, voltage, and load flow in the railway grid has
been analyzed within the scope of a grid study at RWTH
Aachen University. This project has been conducted by the
Institute of Power Systems and Power Economics (IAEW) in
collaboration with the Institute for Power Generation and
Storage Systems (PGS) of the E.ON Energy Research Center.

Fig. 1: Grid model for load flow calculations
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Real-time Simulation on a Cluster of
Signal Processors
At E.ON ERC a modular platform for real-time simulation of
large compound systems such as offshore wind parks is being built. In simulations, custom converter hardware can be
included as Hardware-in-the-Loop (HIL) in order to test functionality and performance in real-time and to investi-gate
new control schemes.

ponents to be connected to single DSP nodes as HIL. The
DSP cluster features a high-bandwidth, low-latency communication system, allowing third-party simulator systems
to be connected via specific interfaces and thus opening
the system for cooperative projects with manufacturers of
power electronic devices.

The example of offshore wind farms shows a trend towards
new, cost- and efficiency-optimized DC power distribution
systems. Together with new technologies and systems of
growing complexity, new tools are needed as well. Powerful tools ease the investigation of new and innovative concepts and reduce the effort of testing of new components
and products with regard to their functionality and performance. Existing structures usually cannot be used for such
purposes without influencing functionality. Simulation and
Hardware-in-the-Loop (HIL) testing are the alternatives.
In order to model all aspects of a complex power system
such as an offshore wind farm, the Institute for Power Generation and Storage Systems (PGS) of the E.ON Energy Research Center (ERC) is building a real-time simulation platform in collaboration with the Institute for Automation of
Complex Power Systems (ACS) of E.ON ERC. This platform is
aimed at simulating large compound systems at switching
level for the purpose of investigating single components especially in conjunction with the complete system.
The simulation is mapped to a cluster of digital signal processors (DSP) of highest processing power in such a way
that individual components are calculated on a single DSP
node. This segmentation allows for custom hardware com-

Fig. 1: Signal processing cluster
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Plug-In Hybrid Electric Vehicles
This project at the E.ON Energy Research Center (E.ON ERC)
analyzes the technical and economical feasibility of Plug-In
Hybrid Electric Vehicles. The batteries of these vehicles can be
recharged on the grid to allow one to drive longer distances
purely electrically. With suitable power electronic chargers, the
batteries can also work as a source or a load to stabilize the
power grid.
The reduction of CO2 emissions is one of the main goals
during the next decades. That applies for the traffic as well
as the electricity supply sector. The introduction of Plug-In
Hybrid Electric Vehicles (PHEVs) can contribute to reductions
in both areas. In the traffic sector, fossil fuel consumption
can be reduced by improving the drive efficiency, e.g., by regenerative breaking and using CO2-free electricity for driving
short distances. By using the batteries as regulating power
sources for the grid, it is possible to enhance the integration
of renewable, often fluctuating energy sources. Thus, the CO2
emissions of the electricity sector can be reduced. The application of the vehicles as buffer elements for the grid is
called V2G (vehicle-to-grid) technology and implies the controlled charging and discharging of the vehicle batteries. A
current research focus, arising from this, is additional loading
of the batteries. For that the vehicle behavior is simulated
by E.ON ERC in a low-voltage grid segment. To draw conclusions regarding the accelerated aging, comprehensive battery lifetime tests are conducted. These tests focus on the
superposition of aging effects from the driving operation and
the delivery of grid services.
Analyses regarding the battery dimensioning performed
within the project have shown that already with a small battery and a hybrid drive-train, the majority of the cost savings

can be realized. It is assumed that in the near future PHEVs
with a rather small battery in the range of 5 kWh are the most
economic solution. With the expected reduction of the battery prices by higher production volumes, also vehicles with
bigger battery capacities can be operated profitably.
This project is financed by the E.ON ERC of RWTH Aachen and
is carried out in cooperation with the Institute for Future Energy Consumer Needs and Behavior (FCN) of the E.ON ERC of
RWTH Aachen.

Fig. 1: Lithium-Ion battery string for cycling tests
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Dual GCT
In this research project, a semiconductor device is being developed through integration of two GCT devices onto one wafer.
An intelligent control of the gate allows lower switching and
conducting losses.
The term Dual-GCT is defined as a parallel connection of the
cathode and anode side of two conventional GCTs. Both GCT
components are to be placed on a common wafer and, with
the gate driver, are to be considered as a single device. One
of the two GCTs (here: GCT A) from the Dual-GCT has been
optimized technologically for small forward voltage, and the
other (here: GCT B) for small switching losses. The switching of the gates does not occur simultaneously but in a timedelayed manner.
The switching losses of GCTs are typically about 5 - 10 % of
the turn-off losses and depend strongly on the load rejection
switching circuit; they are nearly independent of the technology curve. Consequently, they are accepted for GCT A and
GCT B as identical, and both GCTs are switched on simultaneously at t1. Since GCT A shows a smaller forward voltage and
a smaller conducting resistance, the bulk of the current flows

through it. The conducting losses of the Dual-GCT thus correspond approximately to the small conducting losses of GCT
A. The voltage across the Dual-GCT consists of the threshold
voltage and the product of internal resistance with the current flow of GCT A.
At t2 GCT A is turned off, while GCT B keeps on conducting.
The voltage rises to the static on-state voltage of GCT B; as
soon as this is reached, the current commutates on GCT B. In
this case, the turn-off losses of GCT A are clearly smaller than
would be the case in the single mode, because it must only
be turned off against the forward voltage of GCT B. At t3 GCT
B switches off hard against the full voltage some microseconds later, thereby resulting in its comparatively small turnoff losses. The interval between t2 and t3 may not be selected
too short. During this time, higher conducting losses of GCT
B do appear. If GCT B is turned off too early, however, there is
not enough time to clear out the charge carriers in the bulk
region of GCT A. If the voltage from GCT B increases at the
turn off time, an additional current into GCT A clears out the
surplus charge carriers and produces losses which cannot be
disregarded.

Fig. 1: Switching operation of the dual GCT and of the single GCTs
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Advanced Vanadium Redox-Flow Battery
The Vanadium Redox-Flow Battery is being further developed
at the E.ON Energy Research Center. Improving membrane
behavior is the focus of this research project. 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 energy and
power capacity of the system can be separated. Thus, the
power of the system is determined by the number and the
electrode surface area of cells in the stack, whereas the energy storage capacity is determined by the concentration
and volume of the redox-fluid.
Even though there are many different possible redox couples, the vanadium redox battery is the most promising and
also commercially used 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 cross contamination through the membrane
increases the energy efficiency of the whole system and
decreases self-discharge. Furthermore, there is the op-tion
to use different materials as redox couple. Here, we focus
on preparing membranes with silicon dioxide nanoparticles.
With a self-developed procedure to synthesize nanoparticles, permeability of vanadium ions could be reduced compared to other procedures published in the literature.
Furthermore, a stack consisting of five cells is being developed in this project in order to receive a higher power
output and to investigate technical questions in conjunction with the stack design. The stack and all components
are designed and manufactured at the institute. Moreover,
a pump speed control is implemented in order to receive
a constant power output during charging and discharging.
Thus, the amount of charged or discharged vanadium ions
per time in the cell is constant or it is possible to trace the
load dynamically.

Fig. 1: Cross contamination concentration (vertical axis in mg/l)) of vanadium
ions as a function of time, using different composite membranes
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Medium-Voltage Test Bench
The objective of this project, funded by E.ON ERC, was to design a test bench for medium-voltage high-speed drives, generators and medium voltage converters in the power range
of up to 5 MW.
A configuration for testing high-speed drives is shown in
the figure below. The Device Under Test (DUT) that consists
of a converter and a high-power high-speed electrical machine (M) drives a mechanical shaft. The mechanical energy
is transferred back to electrical energy by a drive that acts
as generator (load drive). This energy is fed back to the DUT
drive via an electrical DC link. Only the losses have to be
supplied. This is performed by an active front end that rectifies a three-phase medium-voltage. In case that the DC voltage of the DUT drive is different from the DC voltage of the
load drive, a dual-active bridge DC/DC converter is used to
transfer the energy from the load back to the DUT DC link.
The DC/DC converter itself is being designed in an ongoing
project at E.ON ERC.
Within the scope of this project, the equipment necessary

for operating the test bench has been specified in cooperation with manufacturers of converters and high-speed electrical machines. The power hardware and the control and
safety hardware have been selected, and appropriate measurement equipment has been chosen for acquiring torque,
speed and electrical quantities during the tests.
For safe operation of the test bench, possible fault conditions have been studied and safety measures have been
proposed. In particular, the deceleration of the test bench
to safe speed in case of a fault has to be guaranteed.
The final test facility will be used for R&D on new drives and
high-power converters and control strategies, for didactical
purposes and for testing future, variable-speed high-power
machines such as generators of mini-power stations or
high-speed motors in compressor units.
The complete project report is printed in the E.ON Energy
Research Center Series. This research project is financed by
E.ON ERC gGmbH.

Fig. 1: Schematic of the test bench and energy flow, during testing with device
under test (DUT) in motoring mode

CONTACT
Dipl.-Ing. Stefan Engel
T +49 (0)241 80 49953
F +49 (0)241 80 49949
sengel@eonerc.rwth-aachen.de

Research: Project Descriptions

199

Development of Integrated ETO
Thyristor-based devices are still being applied in the highpower area. Multiple applications require the turn-off capability of devices such as GTOs or GCTs. Today, these presspack devices require a sophisticated and big driver stage.
This project focuses on new ways to integrate the essential
parts of this driver into the presspack, which would result in
a clearly simplified design of the whole device.
Converters with a megawatt power rating are used, for example, in train engines, HVDC converters or big wind farms.
The thyristor is still the first choice in this field because
of the high voltages and currents in these systems. IGBTs
in this power range are hardly available today. Moreover,
IGBTs do not fulfil the required demands for reliability and
a defined fault stage.
Currently a new way of integrating the driver stage inside
a commercial presspack is investigated. The principal approach is based on combining an industrial standard GCT
wafer from the company ABB with state-of-the-art MOSFET

technology. The goal is to use the benefits of uni- and bipolar semiconductor technology. This is achieved via a cascade structure inside the new presspack device.
The work on this project is still in an early stage. First simulation models have been created and tested. In addition,
first components for a prototype have been planned and
are going to be realized within the near future. The future
target will be to demonstrate a functional prototype that
should be able to show switching cycles with fewer losses
than today’s GCTs; e.g., higher switching frequencies would
be feasible.
The high-power test bench of the institute provides optimal
conditions for detailed test and optimization cycles of devices within this power range.
This project is promoted by the German Research Foundation DFG and has been kindly supported with high-power
devices by ABB Switzerland.

Fig. 1: Prototype of a new gate driver for high-power semiconductor presspack device
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DC/DC Converters for Applications in the Utility
Grid Infrastructure
Medium-voltage DC/DC converters open new possibilities
for the operation of a flexible grid infrastructure. A research
project at the E.ON Energy Research Center (E.ON ERC) investigates realization concepts for such converters in the
megawatt range.
At the Institute for Power Generation and Storage Systems
at the E.ON Energy Research Center, concepts for the realization of high-power DC/DC converters with galvanic isolation are being developed to continue previous research
work performed at ISEA. This kind of converters enables
new applications in energy supply systems such as the costefficient electrification of offshore wind farms, the integration of multifunctional electronic transformers and storage
elements into distribution grids (“smart grids”), and the
erection of a DC-based, transmission infrastructure.
The aim of this project is to realize a demonstrator in the
megawatt power range as part of the medium-voltage test
infrastructure at E.ON ERC.
In a first phase of the project, iron-amorphous transformer
cores from low-frequency products have been character-

ized experimentally for operation at kilohertz frequencies.
This frequency range allows a significantly higher power
density compared to low-frequency components, which can
be especially advantageous in offshore installations. Building on the results, a complete single-phase core-winding
unit has been constructed, which is characterized in a laboratory setup.
For the power electronics stages of the converter, circuit
concepts have been developed that enable high-power
converters for relevant medium-voltage levels with minimal
switching losses. Industrial medium-voltage inverters are
re-configured to use these soft-switching configurations.
For the dimensioning of the reference system, loss data of
diverse common IGCT power semiconductors have been
measured on single devices and device series connections
and have been integrated into a dimensioning tool.
Cooperation partners for the realization of the power electronics stages and the medium-frequency transformers are
actively invited to collaborate in order to attain a possibly
high applicability of the developed DC-based converter systems.

Fig. 1: Target applications of high-power dc/dc converters
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non-resonant and super-resonant dual-active ZVSoperated high-power DC-DC converters” at the 13th
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Benedikt Lunz participates in the Plug-In 2009 conference in Long Beach, California, USA

July 2009
28

Prof De Doncker receives the Nari Hingorani Custom
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for his work on Medium Voltage Static Transfer
Switches (top picture)
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Prof. Sauer gives a presentation on “Electromobility
– Energy Storage, Charging Strategies, Grid Support”
at the Energy Hills think-tank meeting in Aachen

01-02

Dominik Schulte gives a presentation on redox-flow
batteries at the symposium “Intermittent Energies
Storage via Chemicals” in Le Bourget-du-Lac, France

23

Christian Dick and Florian Mura participate in the
EPE Wind Energy Seminar at the Royal Institute of
Technology in Stockholm, Sweden, where Florian
Mura gives a presentation on offshore dc grids.
Prof. De Doncker leads a panel discussion on electric
vehicles at “Life needs Power” forum in Hannover
and gives a presentation

March 2009
05-06

Prof. De Doncker, Stefan Engel, Robert Lenke and
Stephan Thomas attend the ECPE workshop “Research Challenges and Visions on Megawatt Power
Electronics and Smart Grids” in Zurich, Switzerland.
Prof. De Doncker gives a presentation on “High Power
Converter Technologies for Drives and DC-to-DC Converters”

june 2009
16-18

Tobias Blank participates in the European Conference SmartGrids + Mobility in Würzburg

13-18

Prof. De Doncker gives a talk on future dc grids for decentralized power generation at the IEEE FePPCON
in Ragusa, Sicily, Italy. At FEPPCON, the future of power electronics was discussed. In particular, the role
it can play in automation in the energy sector and in
saving energy. To make the conference CO2 footprint
smaller, several colleagues used some alternative
means of transport. (bottom picture, f.l.t.r Prof. J.
Cobos, TU Madrid, Prof. J. Kolar, ETHZ, Prof. J.C. Balda,
Univ. of Arkansas, Prof. R. De Doncker)

12

Benedikt Lunz gives a presentation at the “Advanced
Automotive Battery and EC Capacitor Conference”
(AABC) in Long Beach, California, USA

May 2009
03-07

Florian Mura gives a presentation on medium-voltage dc grids at the IEEE Industrial & Commercial
Power Systems Technical Conference (I&CPS) in Calgary, Alberta, Canada
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