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

Preface
I am happy to present to you the third E.ON ERC Annual Report. In 2010, the center continued to grow remarkably, not only
in number of personnel, but also in research coherency. No
doubt, the latter grew because interactions between institutes
improved significantly since we moved into the New Center
Building. Many exciting events and achievements took place,
some of which are mentioned in this annual report.
As was indicated in the 2009 Annual Report, work continued on
designing, planning and constructing our Main Center Building which will be twice the size of the current “New Building”.
All requirements and specifications for the new Main Center
Building were drafted by the end of 2009, thanks to the meticulous planning and dedicated teamwork of the NRW Ministry Office for Buildings (BLB), our RWTH Central Building
Office and the E.ON ERC Building Team, under leadership of
the Institute for Energy Efficient Buildings and Indoor Climate
(EBC). The Main Center Building will be an experimental building; energy efficiency combined with individual indoor climate
control is provided in each room. To accomplish this, waste
heat will be used for heating or stored, for example in fifty 100
m deep geothermal storage units, to be reused during colder
winter days. During summer, the geothermal units will provide
cooling. In addition, sorption based air-conditioning units will
use waste heat from a combined heat and power (CHP) process for the dehumidification of the supply air. We are looking
forward to experiencing the higher level of comfort that this
building concept should offer. The public bidding and planning
process by construction companies was concluded by the end
of March 2010. Construction started in July, immediately after
final selection of the contractor. By year end, the foundations
and the frame of the building were already clearly visible. With
great anticipation we are looking forward to our move in the
Main Center Building, which is planned by October 2011, since
the current New Building can hardly hold the many new staff
members that have joined the center in 2010.
The 3rd E.ON ERC Annual Meeting and Scientific Advisory Board
(SAB) Meeting took place in March 2010. Following up on the
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recommendations of the SAB, several strategy meetings were
organized to fine tune our strategy and key research topics in
the area of energy efficiency, energy savings and sustainable
energy supplies. Clearly, as all five institutes work together and
meet on a daily basis, the competences of the center became
more identifiable. Three main technical research areas were
identified; namely heat and power plants, grids and storage,
and buildings and city quarters. These topics are also subject
of the center’s economics studies. They focus on aspects such
as, among others, energy markets, consumer, policy and social
aspects, investment under uncertainty, etc. Focusing on these
topics resulted in an increase of the number of joint cooperative projects in 2010 and considerably accelerated innovative
work in all key research areas, such as energy efficient homes,
smart grids, technologies for reservoir engineering, business
models for plug-in vehicles, development of hardware-in-theloop tools, etc.
About 135 staff members, including student assistants and
trainees, have been active by the end of 2010. About 90 scientists were working full-time at E.ON ERC, up from 70 in
2009. In 2010, more than 80 scientific peer reviewed journal,
or conference papers and three E.ON ERC Reports (ISSN-18687415) were published. A major highlight was also the fact that
Professor Ferdi Ponci, who tenured as Associate Professor,
was subsequently nominated Professor Extraordinarius at the
Faculty of Electrical Engineering and Information Technology
(ET&IT). Prof. Ponci is conducting research on distributed intelligence and measurement techniques for power systems at
the Institute for Automation of Complex Power Systems (ACS).
During the course of 2010, E.ON ERC expanded its International
Energy Cooperation Program (IECP). Two Memoranda of Understanding (MOUs) were signed. In June, the IECP program
was signed with Tokyo Institute of Technology. Prof. Hiro Akagi,
Director of the Electric Power Conversion and Electricity Storage Group at the newly established Energy and Environment
Center of Tokyo Institute of Technology, co-signed the IECP
agreement as an amendment to the existing cooperation

agreement between RWTH Aachen University and Tokyo Institute of Technology. The IECP cooperation was endorsed both by
Prof. K. Iga, President of Tokyo Tech, Prof. T. Izawa, Executive Vice
President for Research of Tokyo Tech and Prof. E. Schmachtenberg, Rector of RWTH Aachen University. The other Memorandum of Understanding was signed by Prof. Anders Axelsson,
Rector of Lund University and by Prof. Aloys Krieg, Vice-rector
of RWTH Aachen University. At this occasion, further collaborations between Lund University, Swedish industry partners and
the E.ON Energy Research Center were identified.
During the 3rd E.ON ERC Annual Meeting, our new 1000 m2 Experimental Hall was inaugurated. The Institute for Energy Efficient Buildings and Indoor Climate (EBC) and the Institute
for Power Generation and Storage Systems (PGS) were already
busy installing test infrastructure and equipment, a process
that continued over the entire year at a high pace. By the
end of the year, about 75% of the equipment was in place. A
real-time simulator system, which is capable of handling multiphysics tasks, will be linked to the Experimental Hall to provide
full hardware-in-the-loop testing of electrical equipment, heat
pumps, demand side management functions, etc. I am very
happy to report that Professor Antonello Monti (ACS) received
the go-ahead to purchase the last components of what will
become in Europe this most powerful real-time digital simulator for grids and power systems.

of the Advisory Board of the E.ON ERC gGmbH Foundation for
guiding our research projects. Moreover, I am thankful to Rector Professor Schmachtenberg for chairing the Board Meetings. We are indebted to all members of our E.ON ERC Scientific Advisory Board (SAB) for their valuable advice and time to
assess our visions and activities. We also appreciate greatly the
support of the RWTH Aachen faculties that are represented in
the center. We are indebted to all industry and public partners
for their support, trust and fruitful cooperation as well.
Last but not least, I would like to thank all my colleagues, staff
and co-workers for supporting the center; my secretary, Alexa
Erckens, for keeping me on track with all meetings and the
enthusiastic support of our Central Offices. I would like to
commend Andreas Gubernat for planning and leading the ICT
Team during the switch to a new operating system. I would
also like to thank Hartmut Moosmayer, head of the Mechanical
Workshop, who undertook many projects with his team, such
as installing new infrastructure in the Experimental Hall. I was
very happy we could convince Achim Reimer to join the center
to head our Electric Workshop. Finally, I am very grateful to Dr.
Sabine Vogel, Executive Assistant, for her continued support in
managing the Administrative Office and supporting our public
relations, student relationships, managing the IECP program
and leading the editing of this Annual Report, a job that cannot be underestimated.

I would like to thank E.ON AG, for the continued commitment
to fund our center. In particular, I would like to thank Dr. Markus
Ewert, Vice President Technology and Innovation at E.ON AG,
for supporting the organizational activities of the E.ON ERC
gGmbH Foundation. My gratitude also extends to all members

Aachen, January 2011

Rik W. De Doncker

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

T +49 (0)241 80 49660
F +49 (0)241 80 49669
post_erc@eonerc.rwth-aachen.de
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Organization Chart E.ON Energy Research center
SCIENTIFIC
Directed by Prof. Dr. Rik W. De Doncker, the E.ON Energy
DIREKTOR
EBC
ADVISORY BOARD
Research Center (E.ON ERC) comprises five institutes:
Automation of Complex Power Systems (ACS, Prof. Dr.
DIRECTOR
DIREKTOR
E.ON
EBC
ERC
Antonello Monti), Energy Efficient Buildings and Indoor Climate (EBC, Prof. Dr. Dirk Müller), Future Energy
Consumer Needs and Behavior (FCN, Prof. Dr. Reinhard
Rik W. De Doncker
Sec: Alexa Erckens
Madlener), Applied Geophysics and Geothermal Energy
Dirk Müller
(GGE, Prof. Dr. Christoph Clauser) and Power Generation
and Storage Systems (PGS, Prof. Dr. Rik W. De Doncker).
Moreover, it encompasses the central offices: the areasSEKRETARIAT
of
SEKRETARIAT
INSTITUTES
CENTRAL
SEKRETARIAT
OFFICES
administration, ICT the mechanical and electrical workshop.
i

The Scientific Advisory Board (SAB) consists of twelve international experts. The SAB is being invited at the E.ON ERC
Annual Meeting to advise the center on its strategy and research roadmap.
Not shown is the E.ON ERC gGmbH Foundation, a Public Private Partnership between RWTH Aachen University
and E.ON AG with two managing directors. The E.ON ERC
gGmbH promotes the E.ON ERC research projects.

ADMINISTRATION
DIREKTOR EBC

AUTOMATION OF
COMPLEX POWER SYSTEMS

Nadine Hanf, Silvia Kroll
Sarah Stracks

Sabine Vogel
Dirk Müller

Antonello Monti
Dirk Müller

DIREKTOR
ICT EBC

ENERGY EFFICIENT BUILDINGS
AND INDOOR CLIMATE

Andreas Gubernat
Florian Bechholtz,
Christoph
Dirk Springenberg
Müller

Dirk Müller
Dirk Müller

ELECTRICAL
DIREKTOR
WORKSHOPEBC

FUTURE ENERGY CONSUMER
NEEDS AND BEHAVIOR

Achim Reimer
Dirk Müller

Reinhard Madlener
Dirk Müller

MECHANICAL
DIREKTOR
WORKSHOPEBC

APPLIED GEOPHYSICS AND
GEOTHERMAL ENERGY

Hartmut Moosmayer
Thomas Henn
Wolfgang
Tschöp
Dirk
Müller

Christoph Clauser
Dirk Müller

i

i

i

DIREKTOR EBC

DIREKTOR EBC

DIREKTOR EBC

DIREKTOR EBC

POWER GENERATION AND
STORAGE SYSTEMS

DIREKTOR EBC

Rik W. De Doncker
Dirk Müller
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Members of Staff
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Head of IT
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Hartmut
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Thomas Henn
Technician
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Trainee IT

Graduate student assistants
Kerstin Szonn
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Dipl.-Ing. Ming Fei
Andre Trebels
Trainee IT

Members of Staff
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E.ON ERC Central offices Administration Office
The Central Offices of the E.ON Energy Research Center
consist of the Administration Office, the ICT Team and the
Electrical and Mechanical Workshop. These Central Offices
provide services for the five institutes of the center. The organization chart shows the staff of the sections of the Central
Offices. The number of staff increased significantly from 14
in 2009 up to 19 in 2010.
The Administration Office provides administrative services
for the director and the five institutes of the center, focusing
on all required center information and interfaces. Its work
comprises the areas of publicity and marketing, events, personnel, contracts, patent administration, 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 2010, an increasing number of external
requests and questions were answered. Moreover, in collaboration with freelance journalist Dr. Rolf Sweekhorst, publicity work, also in cooperation with E.ON AG, was continued and more publications than in the previous years were
published. The proactive publicity work of the center focuses now on presenting the themes, projects and research
results addressed to the general public and the regional,
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E.ON ERC Administration Office

national and international press. During the last years, the
director and the respective institute heads represented
E.ON ERC at an increasing number of 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 for example Süddeutsche
Zeitung, Handelsblatt as well as at WDR. The entire website
(www.eonerc.rwth-aachen.de) was continuously updated
and new features were implemented. Moreover, this third
Annual Report was published and the E.ON ERC Brochure is
following soon.
In 2010, various E.ON ERC events were organized by the Administrative Office. These included the E.ON ERC Scientific
Advisory Board and Annual Meeting held in April 2010 in
the E.ON ERC Test Hall and attended by experts from the
partner universities, E.ON and by other guests, as well as
representatives from RWTH Aachen University.
In 2010, different experts were invited to the E.ON ERC Colloquium that was initiated in 2009. 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 with RWTH or other institutes such
as Student Information Day of RWTH, Girls’ Day, RWTH Science Night or the first E.ON ERC Open Door Day within the
scope of the Year of Science 2010. In 2010, also the first joint
E.ON ERC exhibit was completed to demonstrate examples
of research activities of the five institutes including the new
E.ON ERC main building on events, conferences etc.
The area of accounting and controlling for E.ON ERC and
E.ON ERC gGmbH is continuously growing. In 2010, the Administration Office took responsibility of project expense
accounting of the center institutes. After the completion of
diverse acquisitions such as furniture and other equipment,
as well as moving expenses in the past, the preparation of
the move to the new E.ON ERC main building started, which
is planned for October 2011.
The implementation of a quality management system for

E.ON ERC was also continued. The system is based on professional quality management software, especially designed for universities and for complex demands of such a
center. Introducing such a quality management system has
the following advantages: transparency for the employees,
students and project partners, improvement or a bolstering of productivity. All relevant public documents will be
displayed at a public level in the system and will be easily
accessible. Moreover, the Central Office has a level in which
the quality management documents can be stored. At the
institute level, all institute-relevant documents are accessible for the respective institutes, including all the research
project data.
The implementation of the E.ON ERC literature data base as
a cooperation project with the IT team started in 2010. The
professional software was adapted to the various requirements of the institutes and the statistical analysis of the
publications of the center.

I would like to thank the Central Offices team for the excellent work results and good working spirit in the daily work.
In particular, I would like to thank Silvia Kroll and Nadine
Hanf for their strong commitment, outstanding work and
support. Without their effort, the daily work output would
not be possible. Also special thanks to Rolf Sweekhorst
for the excellent cooperation, his advice and outstanding
journalistic work. Furthermore, special thanks to Andreas
Gubernat and his entire ICT Team for their support to the
Administrative Office, which definitely went far beyond the
average. Many thanks also to the technicians of the Electrical and Mechanical Workshop for their support in many
practical matters. We are looking forward to continuing and
intensifying the good cooperation with the directors and
staff of the five E.ON ERC institutes in the coming years.

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

E.ON ERC Administration Office

11

E.ON ERC central offices ICT Team
In 2010, the ICT-Team at E.ON ERC was significantly involved
with the replacement of the GroupWare-Systems with a new
system for calendars, e-mails and contacts as well as with
the moving of the server into the new server room and numerous small projects.
In May, all active network components for data and telephones were installed in the new server room and put into
operation. After wiring and patching work was completed,
the whole server infrastructure was moved from the Jägerstrasse into the newly constructed server room, whose occupation has enabled further expansion of the server landscape.
Prior to introduction of the new communication platform,
two new servers were bought and the existing storage capacity was extended. These measures were absolutely necessary for implementing the new platform. Six server systems now form the basis for the redundantly constructed
communication platform that supports the access and data
comparison with diverse mobile devices. Both the introduction of the new communication platform and the switch to
Office 2010 were accompanied by several internal training
seminars for the employees.
The migration of the institute’s data from the Institute for
Applied Geophysics and Geothermal Energy to the server of
E.ON ERC and the implementation of the system for quality
management in our research center constitute other ICT-

projects successfully undertaken from February to July 2010.
Since the literature databank could be decisively advanced
in 2010, it can be officially handed over to the institute in
February 2011. The literature database represents a central
database of all publications at the E.ON ERC and, by means
of comprehensive export functions, allows a smooth data
exchange with the library of RWTH Aachen University.
Moreover in 2010, 70 new computers were installed at E.ON
ERC. The start-up and the operation of the building-access
control system as well as the supplying of all lectures and
events with audio and video services at E.ON ERC supplemented the activities of the ICT-Team.
An important focus in 2010 was the very extensive planning
of the ICT-equipment for the new main building. This work
comprised the planning of the server room as well as of
the multimedia equipment (wiring, instrument equipment,
lighting). The accompanying of the construction process by
the ICT-Team of E.ON ERC involved the creation of technical
specifications and the continuous control of the implementation plan regarding the wiring of the whole building and
linking the new building to the university network.
Traditionally, our apprentices, being trained towards becoming ICT-specialists, supported the ICT-Team very successfully and showed great engagement. Here, I would
like to thank them and especially Florian Bechholtz and
Christoph Springenberg for their excellent work.

Contact
Dipl.-Ing. Andreas Gubernat
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E.ON ERC ICT Team

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

E.ON ERC central offices Mechanical & Electrical Workshop
The tasks of the workshop are to construct test benches
based on technical drawings and to supply these benches
with the corresponding media. Other tasks include repairing
and maintaining the aggregates, thereby guaranteeing the
smooth running of the tests.

It was followed by other small test benches in the halls
of the Institute for Energy Efficient Buildings and Indoor
Climate. To cite here, for example, are the “Laser-Doppler
Anemometry Chamber” and the presentation switchboard
for ventilation control.

With regard to the drilling, milling, cutting and lapping area,
another task of the workshop is to produce individual parts
for constructing complex units and prototypes. Moreover,
the electrical controls and electronic components are designed and fabricated in concurrence with the assistants of
the E.ON ERC institutes.

Furthermore, the heating and cooling unit was put into operation and was combined with the latent heat storage test
bench. Meanwhile, this has delivered the first test results.
The newly acquired Varian Sputter unit was also started up
in the only remaining outer area, the clean room. Moreover,
more was invested in personnel this past year. The electrical workshop was inaugurated, and the mechanical workshop was increased to three co-workers. In addition, two
apprenticeships have been currently established for both
workshops in 2011.

Both leaders of the mechanical and electrical workshop are
responsible for coordinating and organizing employees and
the corresponding resources so that the test operation is
always ensured.
This year, the testing of the Aachen model room (climate
room) of the Institute Energy Efficient Buildings and Indoor
Climate was moved from the Jägerstrasse to the E.ON ERC
Test Hall. ww

Finally, we would like to particularly thank the team of the
Electrical and Mechanical Workshop for their good and
pleasant collaboration during the past year.

Contact
Hartmut Moosmayer

Achim Reimer

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

T +49 (0)241 80 49678
F +49 (0)241 80 49669
areimer@eonerc.rwth-aachen.de

E.ON ERC
Mechanical & Electrical 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. De Doncker, essentially aims at boosting energy efficiency as well as en-

ergy 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 further automating 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 the five institutes. During 2009
and 2010, 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
20

E.ON ERC Christmas Party.

November
12

On 12 November 2010, the E.ON Energy Research
Center of RWTH Aachen University was present at
“5 vor 12 - Die RWTH Wissenschaftsnacht” for the
first time with exhibit and two presentations
(Prof. Christoph Clauser, GGE and Prof. Reinhard
Madlener, FCN) at Super C of RWTH Aachen
University with lots of interested guests (picture
bottom left).

October
01

Wolfgang Tschöp joins E.ON ERC Mechanical
Workshop.

18

The E.ON Energy Research Center at RWTH Aachen
University, located at the Campus area, opened the
doors for the first time at 18 October 2010 for students
from schools and universities and anyone interested
in the various teaching and research activities of
the five E.ON ERC institutes. In parallel, the start of
construction of the new E.ON ERC Main Building and
the “Year of Energy” was celebrated. Guests have
been, among others, Rector Professor Schmachtenberg, Professor Maubach, E.ON Board, Deans of
the involved RWTH Faculties and more (picture top
left and page 16, bottom right).

14

Honorary Doctor from Riga Technical University, Latvia,
for Professor De Doncker.

13

On October 13, 2010, in the frame of the International
Energy Cooperation Program (IECP) of E.ON Energy
Research Center, the Memorandum of Understanding was signed with the University of Lund, Sweden
together with the Rector of Lund University, Prof.
Anders Axelsson, RWTH Prorector Prof. Aloys Krieg and
Prof. Rik De Doncker, Director of E.ON Energy Research
Center, RWTH Aachen University. The signing was part
of the visit of colleagues from Lund University and

Chronicle
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industry partners to E.ON Energy Research Center
regarding further collaborations (picture page 15,
center left).

September
25

On September 25, 2010, E.ON presented the E.ON
Research Award for international energy research.
The winners of the E.ON Research Award are five
research teams from Europe and the USA who
submitted project proposals on the topic of “Heat
Storage
for
Concentrating
Solar
Power”.
Representatives from politics, science and industry
participated in the panel discussion on the issue of
solar power in Berlin’s E-Werk on “Energy Day”, the
climax of the 2010 Science Year. The discussion was
moderated by Ranga Yogeshwar. Prof. De Doncker,
Director of E.ON Energy Research Center, RWTH
Aachen University, participated as technical expert
and university representative (picture top right).

01

Construction of the new E.ON ERC Main Building
started. After tendering and intensive planning,
the construction of the new E.ON ERC Main Buildung
started on the 1st September 2010 close to the
existing E.ON ERC Testing Hall.

August
01

Johannes Kullick joins E.ON ERC IT team as IT trainee.

June

16

09

Christoph Springenberg joins E.ON ERC IT team.

10

IECP signed with Tokyo Institute of Technology.
Prof. Hiro Akagi, Director of the Electric Power Conversion and Electricity Storage Group at the newly
established Energy and Environment Center of Tokyo
Institute of Technology, signed the IECP agreement
with E.ON ERC as an amendment to the existing
cooperation agreement between RWTH Aachen
University and Tokyo Tech.

Chronicle

about the interactive simulation of an energy distribution system, the simulation of the thermal demand
of houses in response to different insulation standards
and weather conditions or a hands-on investigation
of the geological characteristics of the ground around
the Energy Research Center building (picture page 16
center right).

May
03

Nadine Hanf joins E.ON ERC Administration.

03

Achim Reimer joins E.ON ERC as head of electrical
workshop.
Partners of “Forschungsdialog Rheinland” are the
universities RWTH Aachen, Bonn, Düsseldorf, Köln,
the Deutsche Zentrum für Luft und Raumfahrt (DLR),
Forschungszentrum Jülich as well as the Chamber
of Industry and Commerce Rheinland and the Ministry
of Innovation, Science, Research and Technology
of North-Rhine Westphalia. The topic was “Industry
as energy consumer - perspectives for a safe
and reasonably priced energy supply”, discussed
by Prof. Ernst Schmachtenberg (Rector RWTH Aachen
University), Prof. Rik W. De Doncker (E.ON Energy
Research Center, RWTH Aachen University),
Jürgen-Friedrich Hake (Forschungszentrum Jülich),
Prof. Marc-Oliver Bettzüge (EWI, University of Köln),
Jürgen Drewes (Chamber of Industry and Commerce
Aachen), Dr. Jürgen Lenz (Deutscher Verband Gas
und Wasser e.V.), Armin Vetter (Schoeller) and Volker
Staufert (Rhein-Energie Köln) under the moderation
of Tom Hegermann at Super C, RWTH Aachen
University.

05

27

Alpha Ventus Inauguration. Prof. Monti together with
Dr. Vogel represent E.ON ERC at the Ceremony.

March
25-26

E.ON ERC Scientific Advisory Board and Annual
Meeting. In this context the E.ON ERC Test Hall
was inaugurated.

February
18

Ground Breaking Ceremony RWTH Aachen Campus.
RWTH-Rector Prof. Dr.-Ing. Ernst M. Schmachtenberg
and NRW-Premier Dr. Jürgen Rüttgers break ground
for the new campus. Sustainable Energy, under the
leadership of Prof. Dr. ir. Rik W. De Doncker, is one of the
6 starting clusters of the RWTH Aachen Campus.
Dr. Ewert also participated in the ceremony.

April
22

On 22 April, the E.ON Energy Research Center hosted
a group of 12 girls for the workshop “Energieerzeugung, Energieverbrauch und Energieeinsparung”
as part of the initiative “Girls’ Day - Mädchen
Zukunftstag” (German national event to boost
the interest of girls in the field of engineering).
The 12-15 years old girls were warmly welcomed
by research associates of the five institutes of the
center. Following the welcome presentations, the
students were led through a morning long, intense
schedule of indoor and outdoor hands-on activities
to learn more about the challenges of sustainable
energy and the need for interdisciplinary work
to address such challenges. For example, they learned

January
15

On January 15, the FGLA Colloquium “E-Mobility”
organized by the Institute for Power Electronics
and Electrical Drives (ISEA) and E.ON Energy Research
Center has taken place. In this context Dr. Jörg Kruhl,
E.ON Energie AG, Munich gave the talk “E-Mobility aus
Sicht eines Energieversorgers”. This was also the first
talk of the E.ON ERC Colloquium in 2010.

07

Meeting with journalists and E.ON ERC experts
discussing the status of research of E-Mobility
and electric vehicles, including future perspectives
from the point of view of the E.ON ERC
focus areas.
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Preface
I cannot believe it is already the third time that I am writing this opening note to summarize the last year at ACS.
I do not think I could have hoped for more in the last 12
months. While the memory of the beginnings with just a
wooden table and a computer is still fresh, I am now enjoying the atmosphere of a dynamic institute with about 25-30
people, every day working, studying, conducting research.
The institute is still growing although it is more and more
a challenge to fill the open positions, as the expectations
on the personnel that the current team has established are
very difficult to keep up with.
Looking back to this year, I can say that we have experienced some significant events that have affected our structure. First of all, just right after we completed our previous
annual report, Dr. Ponci officially became Prof. Ponci. At the
Assistant level, first of all, we had the pleasure to welcome
5 more PhD students sponsored by the CSC program of the
Chinese government. This element of diversity represents a
tremendous richness that makes our institute stand out for
the large variety of cultural background. Still in the same
direction I would like to mention the hiring of 2 Assistants
who are not engineers but mathematicians. In a multi-disciplinary and challenging area such as Energy, I believe it
is extremely important to capture every possible expertise
that may contribute to create new solutions. Finally, still
with reference to diversity, I like to stress the fact that out
of the 16 people that daily work full-time at ACS, we have 7
women: not a typical statistic for an engineering institute
but again a sign of the richness in diversity of ACS.
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constantly growing with Prof. Müller and EBC. I am pleased
first of all because it breaks the stereotype that Mechanical and Electrical Engineers cannot work well together, and
furthermore for the fact that the harmony goes beyond
the scientific collaboration to permeate the personal relations. When this report will be distributed, the “famous” rock
group CHP, with members from EBC and ACS, will have entertained the crowd for the second time at the Christmas
party of the Center. Really incredible things can happen
when electrical and mechanical engineers work together!
Last but not least the collaboration with FCN has also been
a tremendous instrument of growth: I would like to mention
that the first collaborative ACS project was carried out in
partnership with FCN.
All these collaborations really demonstrate the uniqueness
of this ERC and in this regard, I would like to stress the
role of Dr. Vogel, who is the real coordinating element that
makes our Center work differently from any other academic
institution. Sometimes, when I have to explain outside our
Center who Dr. Vogel is, I simply say “She is the Center”.
Browsing the following pages gives a glimpse into the research activities that we have been involved with this year.
The focus of the institute is on a limited number of key areas. First of all, the simulation of complex systems is one of
the kernel activities of ACS. This year we have succeeded in
augmenting our laboratory equipment with our unique PC
cluster and our Grid Emulator.

Thanks to this great group of individuals, we were able to
establish numerous and strong collaborations within the
Center. I am happy to say that we have now officially at
least one project with 3 out of 4 other institutes of the ERC.
I am rather confident that when I will write the next report
I will be able to say 4 out of 4.

The PC cluster will be used for multi-physics, real-time simulation in collaboration with PGS and EBC. The grid emulator
can be connected in closed loop to both the PC Cluster and
the RTDS setup. Thanks to this equipments we are able to
perform unique studies and to offer unique support to industry.

While the connection with Prof. De Doncker was somehow
natural (my first engineering love was power electronics
anyway), I am really pleased about the collaboration that is

Our second main area of research is Distributed Monitoring and Control. On this topic we have achieved not only
the most relevant journal publications of this year, but also

Preface

some of the strongest university collaborations. Among the
latter, I would like to mention TUM with Prof. Hirche and
Prof. Diepold and the University of Cagliari with Prof. Muscas and Dr. Sulis.
Our third main area of research is Home Energy Systems.
This is definitely the fastest growing topic at ACS, mostly
in relation to industry projects, and also thanks to the great
collaboration with EBC.
I am also happy to report that intense project activities have
also produced high quality publication activity, as listed in
the Selected Publications section of this report. During the
year 2010, ACS researchers have published 10 International
Journal papers and 15 peer-reviewed International Conference papers. I have to acknowledge that a large part of the
merit of this activity is the result of the scientific supervision performed by Prof. Ponci.
Still regarding scientific conventions and publications, it is
worth mentioning that the year 2010 has seen the first International event coordinated by ACS: the IEEE Workshop
on Applied Measurements for Power Systems (AMPS). The
event has been a real success and a new edition has been
scheduled, again in Aachen, for year 2011. The merit for the
great success of AMPS has to be shared among various people. First of all, I would like to thank Prof. Ferrero (Politecnico di Milano), Prof. Peretto (University of Bologna), Prof.
Muscas (University of Cagliari) and Dr. Tinarelli (University
of Bologna) for all their hard work before, during and after
the event. I would also like to thank Nicole Bielders for the
dedication to ACS that she has shown in managing AMPS.
Within IEEE she is already known as “Saint Nicole”, for all her
successful efforts to keep the budget of the conference at
minimum, while offering a top class service to our guests.

Last but not least, I would like to report about teaching at
ACS, and the numerous novelties of 2010. First of all, we
have activated new classes for the Master level, bringing
our total offering to 6 new courses created in less than 2
years. ACS has also been a founding member of the new 4th
Semester Project in the area Energy for Bachelor students,
which has received a very good feedback from the student
participants. The success of this project is mostly due to the
efforts and creativity of a good group of ACS Assistants.
During December we also hosted, for the first time, the First
Semester Project. Finally, starting from Winter Semester
2010-2011 ACS also participates in the successful Ringvorlesung, a collectively taught course, with the topic Renewable Energy Sources.
During 2011 we plan to launch at least two new Master
courses, one with Laboratory and one with Seminar structure.
In summary, I think I can feel satisfied about every aspect
of ACS during 2010, and the projects in preparation for 2011
make me feel confident that next year is going to be even
more intense and interesting.
Among all, there is one thing that I consider the most important success of this institute. I believe that anybody who
comes to ACS can perceive a wonderful atmosphere that
combines great scientific activity, energy and also friendship. This is one of the most rewarding feedbacks I got from
our visitors: it is easy to feel integrated in the every day life
of ACS. I cannot take any merit for this. I think the great atmosphere is thanks to the tremendous richness we have in
the people who work at every level in the institute.

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 main function of the ACS laboratory infrastructure is
to:
Support fast prototyping of control systems and derisk new control architectures for application in Power
Systems.
This goal is achieved through a set of realtime (RT) simulators and hardware interfaces.
Considering that our research focus is on complex systems
and knowing that simulating different systems and situations
may require different hardware and software solutions, it is
impossible to choose one single platform for the real-time
simulator that fulfills all the requirements. Thus we have designed our own laboratory structure that accounts for all the
scenarios of interest and satisfies all our foreseeable needs.
The structure of the laboratory is represented in the figure.
We have three different simulation platforms in order to
support:
• 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 (e.g. home
energy system) (PC cluster).
For what concerns the real time simulation of complex
power system, we bought a first rack of RTDS, which is
the state of the art in RT simulation of power systems.
A group of ACS researchers has been trained and we have
been using this rack for past and ongoing projects. At the
same time we are in the process of extending the system purchasing eight more racks.
For the Real-time simulation of distributed systems, we are
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collaborating with PGS to develop the hardware and software to build a simulator based on a cluster of DSP. This
simulator will represent a unique facility for the testing of
distributed energy system. The first application will be the
RT simulation of large off-shore wind farms. This platform,
though, is suitable for simulating all kinds of distributed generation systems.
For what concerns RT simulation of multi physic systems,
thanks also to 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 (PC Cluster). Thanks also to collaboration
with EBC, we have performed a first test for home energy
systems with Power-Hardware-in-the-Loop of a real Heat
Pump.
To support Hardware-in-the-Loop and Power-Hardware-inthe-Loop testing, we connected the RT setup to the E.ON
ERC testing facility. For this purpose, considering the great
industrial interest on this topic, we designed and built a
FlePS (Flexible Power Simulator), the power interface to
realize Power-Hardware-in-the-Loop, which will be used in
our laboratories for testing of small apparati (up to 20 kW).
The lab infrastructure to support the following activities is
in development:
• 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 for all our projects.

Fig. 1: Laboratory Infrastructure

Available Software

Generic simulation,
programming and control

Multi-physic simulation

Power system simulation

Communication system
simulation

• Matlab/Simulink
• Visual Studio 2008, 2010
• LabView 2009

• SimulationX
• VirtualTestBed2010
• Open Modelica and
SimForge

• PowerWorld

• OpNet

Technical Equipment
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Teaching
ACS offers the following classes to bachelor/master and
diploma students:
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
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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.
Modern Control Design
This class offers students a comprehensive look at the most
typical control algorithms utilized in the power systems.
The application of control theories to power systems is
covered starting with a review of fundamental principles
of control design. the topics of the class are: State Space
Control, Pole Placement, Linear Quadratic Control, Linear

Quadratic Gaussian Control, Sliding Mode Control and Synergetic Control. Lyapunov Control and Nonlinear Feed-back
Control are also covered as monographic sections.

vision of research assistants from the institutes above. The
project is concluded with a race between all groups participating.

The class content is focused mostly on current technologies.
For this reason recently published technical papers are used
as reference learning material. For each topic, the Instructor
will select a major published paper that demonstrates the
application of one of the control approaches covered in the
course to a power system case study. The students will have
the opportunity to practice the implementation of these
techniques with Matlab/Simulink in the practice sessions.

Lecture series: Electrical energy from renewable sources
This series of lectures is organized by the energy-related
institutes of the Faculty of Electrical Engineering and Information Technology. It covers the following topics: Energy
demand and supply, global problems in energy supply - the
potential of renewable energy sources - cost calculations
- the physical foundations, production techniques and system engineering of photovoltaics - wind power - hydropower - other renewable energy sources such as solar heat,
biomass, geothermal energy, etc. - integration of renewable
energy sources into the grid - development status and expectations. ACS is responsible for covering the section on
integration of renewable energy sources into the grid.

First semester project of electrical engineering and information technology (Praktikum)
In this joint project of all institutes of the Faculty for Electrical Engineering and Information Technology, first semester students have the possibility to learn basic principles
of Matlab and mathematical methods in electrical engineering step by step with a LEGO Mindstorms NXT Robot.
Thanks to a LEGO Mindstorms NXT Matlab toolbox which
was developed at RWTH, students are able to control their
robot with Matlab, via Bluetooth or USB connections. The
students work in groups to create a unique robot. Special
ideas are awarded by The MathWorks and RWTH Aachen
with the Matlab Team Award.
Institute project 4th semester: Building an electrical model
car
In this joint project of the institutes ACS, IAEW, IEW, IFHT
and ISEA, students from the 4th semester build an electric
car which autonomously follows a given course. Through
this project, students learn to deal with electrical machines,
power electronics, sensor systems and control techniques
with a microprocessor. The basic knowledge of batteries, DC
motors, boost and buck converters, servo drives and measurement is conveyed in preparatory lectures. The control
design, design of circuit boards and programming is arranged independently by the student groups, under super-

Teaching

31

Design of Smart MVDC Power Grid Protection
Focus of this work is the augmentation of the protection system of Medium Voltage DC (MVDC) power distribution systems with the protection against measurement faults. This
is implemented as a self-healing capability of controllers to
detect and correct bad measurement results.
The ride through power system faults of the power converters, are controlled to maintain power supply to the vital loads. To overcome measurement system faults, invalid
data are reconstructed through their expected value. The
proposed architecture is based on exchange of information
between energy conversion and measurement devices so
the impact of communication delays is critical and should
also be analyzed.
The protection system of the MVDC distribution should be
augmented through the control of power converters, which
allows for maintaining supply to vital loads during the fault.
To realize this behavior, the control of the power converters
switches control strategy from normal to a fault mode of
operation, and hence limits the current during the fault.
In this scenario, the protection method is dependent on the
control and thus on the measurements. To address the potential threat of measurement failure, we have implemented a self-healing method according to which the occurrence

Fig. 1: Scheme of the Faults Protection with Self-healing
Capacity

of a failure of the measurement system is detected through
the comparison of measured values with reasonable ranges
of the measured variable. Such ranges are determined dynamically with a Polynomial Chaos Theory (PCT) approach,
which also yields values that can be used in place of the
actual measurements in case a measurement failure is detected.
The operation of this integrated protection and control
method has been tested on a simplified shipboard MVDC
system.
The proposed protection system is also dependent on communications, as it makes use of the information of fault condition of the MVDC to rule out measurement failure when
measured values exceed the reasonable range during a
power system fault.

Fig. 2: System Layout of the Case Study

For this reason we have analyzed the impact of communication delays on the proposed protection method.
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Smart Power Hamburg: A Test-Case for a Combined
Operation of Mini CHP Plants
ACS is part of the consortium Smart Power Hamburg funded by the German federal ministry Bundesministerium für
Wirtschaft und Technologie to demonstrate the integrated
operation of Mini Combined Heat and Power (CHP) plants
in the city of Hamburg. The project includes tasks on smart
metering and the behavior of multi-agent monitoring and
control of the CHP plants. The other partners are: Institut
für Hochspannungstechnik (RWTH Aachen), Forschungsgemeinschaft für Elektrische Anlagen und Stromwirtschaft,
HAW Hamburg and Hamburg Energie.
The administration of the city of Hamburg wants to reduce
the CO2 emissions by 40% in 2020 as compared to 1990. To
reach this goal new approaches to heating and electricity
supply have to be tested. The local energy supplier, Hamburg Energie, together with the academic partners aims
at demonstrating the coordinated, optimized operation of
CHP installations, as a significant step to establish an overall optimized energy supply.

The holistic approach of this projects considers a large
number of buildings with different power demands, installed CHP plants and storage systems. The buildings will
be equipped with Smart Meters, to accurately track their
power demand. The operating point of the CHP plants will
be determined depending on the overall system conditions.
The wide variety of demand behavior of the participating
entities and of the modes of operation of the system as a
whole, on one hand facilitates the load balancing, on the
other hand requires a split between local and centralized
controls. Therefore, an adequate interface has to be defined
between the power system level control and the control of
the individual participants. This architecture requires a reliable and fast communication infrastructure.
For the layout of the interface and the general investigation
of the behavior of the system an agent based model will be
built. The simulation will include the CHP plants, the storage
units, the power grid and the communication infrastructure.
The simulation setup will evolve with the integration of real
hardware to smooth the way to final deployment of the
controls.

Fig. 1: Picture of the Historical Port of Hamburg – Public Buildings will be
included in the Innovative Energy Concept of the Project
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ahelmedag@eonerc.rwth-aachen.de

Technical
Research:Equipment/Teaching
Project Descriptions 3333

Decoupling power system state estimation
Power system state estimation is a key tool for the Energy
Management System. Based on measurement data, the observer provides the network status information to support
reliable monitoring, decision and control. In this work we developed a new approach to the decomposition of the state
estimation problem, accounting for computational and communication burden.
In modern power grids complexity is growing to the point
that centralized state estimation, as part of the centralized
control system, is may become inadequate. Furthermore,

classical state estimators are based on static or quasi-static
assumptions and may not be easily adapted to power systems with fast dynamics.
The solution we propose yields partitioning of the system
into sub-networks, with decentralized observers based on
information filters. Each observer estimates the state variables of a sub-system based on local measurements and on
the local dynamic system model of the power grid.
Then local estimated states are exchanged via communication links in order to assimilate information computed by
other estimators.
As emerged during experimental validation, two challenges
of this approach are the computational effort of the distributed observers and the communication time needed for
state information exchange between the local observers.
Furthermore both the efforts increase significantly with
the number of state variables to be estimated. In this perspective, when a large scaled power system is considered,
a tradeoff between computational efforts, communication
time and target estimation accuracy, must be found.
With our approach, the transmitted state information is limited to selected, strongly coupled state variables in order
to reduce the computational and communication efforts.
Strongly coupled variables are transmitted for the assimilation required by the decentralized information filter, while
the weakly coupled are not transmitted at all. The coupling
level is represented by an index determined via a stochastic
process, and the optimization process based on the dynamic programming.

Fig. 1: IEEE 14 bus test case
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Monitoring of Electric Consumption for the new
E.ON ERC Building
Energy consumption in residential, commercial and office
buildings has emerged as a major portion of the total energy consumption. Energy monitoring is the key to consumer
awareness, consumption characterization, automation for
efficiency, and advanced billing. The goal of this project is to
build the infrastructure to monitor in detail the electric consumption of the new E.ON ERC Building, as part of the global
energy monitoring system under development by EBC..
Has been widely proved that the energy usage in buildings
represents a great share of energy consumption. Thus more
efficient energy use in buildings would impact significantly
the global energy budget.
The first step towards the reduction of energy consumption is a good characterization of energy usage. This can be
achieved with pervasive monitoring that enables identifying the different kinds of consumption sources, and possibly
correlating them. The second step may consist in making
the users aware of their energy usage and in identifying
margins and solutions for the reduction of energy consumption.
The infrastructure that we plan to design and build is based
on a set of custom meters and data collectors spread in the
building.

Each meter is a local intelligent system, in charge of acquiring voltage and current, and, with reference to minimum
functionalities, computing the power and sending the calculated values to the data collectors.
Once the infrastructure is installed, we could, for example,
publicly visualize the data in real time, or deliver to the Institutes of the Center, a virtual bill, to inform them of the
consumption of the everyday office work and of laboratory
activity.
It will also be possible to identify loads that are mainly responsible of the overall electric consumption and to use
this information to understand where and how it makes
sense to invest in improvements of the efficiency or which
management strategy can be adopted.
The infrastructure built in this project will also be the base
for future research activities, related to billing methods and
on-line analysis.
Furthermore, since this infrastructure is based on a pervasive measurement system with distributed intelligence, in
the future it will be possible to use this infrastructure to
study and test algorithms that identify the features of the
power absorption, to define data elaboration requirements,
and to test communication standards and synchronization
strategies.

Fig. 1: Sketch of a Smart Metering Application for the new E.ON ERC building
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JOINT CONTROLLER-COMMUNICATION TOPOLOGY DESIGN
FOR DISTRIBUTED CONTROL OF POWER SYSTEMS
Future power systems depend on communications for monitoring and control. Features and constraints of communication networks must be an integral part of control strategy
design. This work aims at designing distributed controls with
optimal communication topology.

nal stability with a distributed controller and, to increase
the robustness in the presence of permanent failures of
some communication links. To achieve this, we propose a
two-step method to design the distributed wide-area damping controller together with the communication topology.

One of the most important developments in power systems
is the pervasive application of communication technologies
enabling information exchange between different actors,
and across hierarchical levels. This supports advanced monitoring, control and protection methods in distributed form.

First, we design a decentralized controller with no communication that ensures the stabilization of the overall power
system with the minimum performance. As the second
step, based on the decentralized one a distributed controller enabling information exchange is designed by using the
mixed-integer optimization under a given communication
network constraint, in this case a certain number of available communication links, to improve the decay rate, thus
the damping performance of the overall system. With the
control and communication outcome of our approach, the
generators with local controllers can operate autonomously
while exchanging information with one another.

In this framework, the topology of the communication network is one of the constraints and plays an important role
in the performance and stability of the overall systems and
its design should be concurrent with that of the distributed applications. We focus in particular on joint design approach for distributed controller - communication topology
for power systems.
Our first case study is a multi-machine power system. The
design objectives are to control damping for the small-sig-

This work is carried out in cooperation with Prof. Dr. Sandra
Hirche from the Institute of Automatic Control Engineering
of Technische Universität München, Germany.

Fig. 1: Illustration of proposed distributed control architecture with communication
topology optimization
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DECENTRALIZED STATE ESTIMATION AND CONTROL WITH
VIRTUAL DISTURBANCE MODEL
Future power systems should enable flexible integration of
the new components, in particular distributed generation
units. This research work aims at developing a decentralized state estimation and control method suitable for the
plug&play power generation concept.
In future power grids with distributed power generation
units complexity makes centralized state estimation and
control methods based on static or quasi-static models
inadequate. Instead, decentralized state estimation and
control approaches are increasingly appealing thanks to
the distribution of computational load and the operational
robustness. The conventional synthesis procedure for these
estimators and controllers consists in decomposing the full
system model into local subsystems. Then, the decentralized state estimators and controllers for the local variables
are designed based on the complete knowledge of the system and must account for the dynamic interactions among
the subsystems, which must in turn communicate to one
another.
In this research work, without considering any particular
topology or their interconnection, we assume the rest of
network appears to the individual subsystem as an equivalent virtual disturbance source with unknown dynamics
and random behavior. Hence, the local state estimator and
controller of each subsystem only depend on local models
and the unknown virtual source, and there is no need for
communication.

As a test case for the decentralized state estimation, we
design augmented local estimators that estimate the real
local state variables of the subsystems and the states representing dynamics of the virtual disturbance. Since an
unknown input is generally treated as a stochastic process
with wide-sense representation in the control and estimation theory, the virtual disturbance is considered as a nonwhite noise input to each subsystem.
In another case study for the decentralized control, a decentralized linear quadratic Gaussian (LQG) control approach
based on the equivalent virtual source is developed for a
power network with parallel power converters. By using the
information obtained by the decentralized state estimation
for adaptation of local set-points, the decentralized controllers could drive the system to a stable operating point and
eliminate the disturbance in a cooperative way.
The local estimators and controllers in both test cases can
work autonomously and in a cooperative way without communicating to each other. The proposed approach could
be regarded as a first step towards the development of a
plug&play power generation concept. In this concept, the
distributed generation units feeding power into the network can be monitored and controlled without any centralized instance, while guaranteeing the network’s stability
and performance.
This research work is carried on in cooperation with Prof. Dr.
Sandra Hirche, Institute of Automatic Control Engineering
of Technische Universität München, and Dr. Dragan Obradovic, Corporate Technology Siemens AG.

Fig. 1: Illustration of local estimation and control of subsystems and the virtual disturbance source
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Sensing Failure Detection and Reconfiguration for
Self-healing Power Electronics Control
In this work the measurement validation is achieved by comparing measured values with the dynamically calculated
boundaries of an interval of values deemed as reasonable
for the measured variable.
A technique with general validity, based on Polynomial Chaos Theory (PCT), is adopted for the determination of the
boundaries. Measured data identified as unreasonable are
rejected by the control unit and replaced with calculated
estimates yielded by the PCT observer, the same algorithm
that dynamically computes the bound¬aries. The estimation
is performed dynamically hence yielding new boundary values for each new sample of the measured variable.
Three test cases have been chosen to cover applications
ranging from device level control to system level monitoring, control, and protection.
The first test case consists in a field-oriented AC motor
drive, in the scenario of the loss of one or multiple current
sensors.
The second test case consists of a distributed state estima-

Fig. 1: Intelligent Sensor Validation for AC Motor Drives

tor for a zonal shipboard power system, in the occurrence of
loss of some of the voltage sensors. This case demonstrates
the application of measurement validation to monitoring.
Testing scenario includes the concurrent presence of loss of
sensors and short circuits in different zones. The results are
promising, and provide a glimpse on what can be achieved
by exploiting at most the installed conversion and computational power.
The third test case consists of control of power converters
to ride through power system faults while maintaining power supply to the vital loads. In this case the measurement
validation and information on the fault occurrence are integrated, thus providing and example of function integration
in the control architecture.
The testing of the proposed approach has been performed
in simulation (for all testing scenarios), in real-time simulation (for the distributed state estimation and protection),
and on physical setup (for the motor drive).

Fig. 2: Smart Monitoring for Decentralized Power Network
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IMPACT OF PMU measurement UNCERTAINTY ON POWER
SYSTEM APPLICATIONS
The synchronized Phasor Measurement Units (PMUs) are
considered a paradigm for future power system monitoring
and control. The goal of this research work is to determine
from the metrological standpoint, the specifications of PMUs
for different categories and for target performance of the
end applications.
PMUs provide synchronized, real-time phasor measurements of voltage and current, frequency and rate of change
of frequency, power and potentially other indirect measurements. These measurements enable in principle widearea monitoring and control, enhanced stability analysis,
accurate load modeling, event detection and allocation
and other applications. Their use is envisioned not only for
transmission networks, but also for distribution networks.
In general, we can say that they are potentially a key factor
in Smart Grids.
The current version of the standard on synchrophasors, IEEE
Standard C37.118-2005, partly addresses the issue of measurement errors, but not at the extent and in the form of

Fig. 1: Laboratory setup of Real-Time Digital Simulator
(RTDS) and PMU emulators

covering and classifying specific applications.
We face this challenge by performing first an analysis of the
impact of PMU measurement uncertainty on specific applications. This study will form the basis for the following step,
in which the PMU requirements are determined based on
the application accuracy requirements.
The first sample application that we consider is stability assessment based on PMU measurements. No new method
is to be developed, instead, existing methods are analyzed
and the effect on the outcome of the assessment of synchrophasor measurement uncertainty from various sources,
including lack of synchronization, is determined. The investigation is performed with the support of real-time simulation facilities and PMU emulators at ACS.
This research work was initiated and is carried out in cooperation with Prof. Carlo Muscas, University of Cagliari, Italy.

Fig. 2: Illustration of the setup and the deviation of the
phasor measurement and system analysis
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Reconfigurable Networked Controllers
This work aims at assessing the feasibility of networked controllers, which perform their function over the network and
can be reassigned to a different controlled system if needed,
thus realizing a reconfigurable control system. In this framework, the communication delays may cause issues and 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 emergency operation. This is made possible by fast and robust reconfiguration
capabilities, applicable to both power and control functions.
Within a network based control architecture, reconfiguration means reassigning each pair of active controller-cont-

rolled system, which are PEBB converters in this work. Here
a method for evaluating the impact of network delays on
the networked control system is proposed, together with
an optimal control approach for avoiding the adverse effect
of delays.
In this work, the slow dynamic closed loop control operates through the network connection, while the fast dynamic controller runs locally at the PEBB hardware site. Our
proposed method uses Polynomial Chaos Theory (PCT) to
model the uncertain communication delay, to assess its impact, and to design an optimal controller that is robust to
the delay effects.
For experimental purpose, the network based controller of
a sample system comprising an induction machine and a
buck converter was adopted as case study. Stability analysis
was performed for random delays and the system was tested in a hardware setting yielding promising results.
In order to verify the flexibility of proposed network based
control structure, the approach was applied to a different
test case, the bi-directional power flow of an induction machine in a DC power system, with the converter being controlled by a network-based controller. For this test case, the
higher level control functions of the PEBB were managed
by mobile and load agents which realized the control reconfiguration.

Fig. 1: The Set-Up of Local Control, Remote Control and
Agent Platforms
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Collaboration ACS–Tshwane University of
Technology on New Methods for Stability
Assessment
The modern power grid is a large, interconnected and complex system. This brings a need for assessments methods
which can handle complex computations. The number of installed Distributed Generation is continuously increasing in
power systems, mainly due to effective support schemes for
renewable energy and cogeneration.
Small scale systems like biomass, photovoltaic, CHPs or fuel
cells are connected to the distribution level, while large
wind and solar farms will be connected to the transmission level, probably via a DC connection. In this new power
system, on one hand distributed generation combined with
stiff inverter-based local microgrid concepts may improve
stability. On the other hand increasing electrical distances
between operating large synchronous generators will lead
to a more sensitive power system in regard to oscillations
will constrain system stability. In any case, the representation of active distribution networks does not benefit from
the commonly used simplifications, and in the short-medium term some of the large synchronous generators will be
replaced with wind farms to meet.
The new generation mix changes the dynamic behavior of
power systems, with this change we also expect a possible
future reactive power and reserve trading market. Therefore, the way in which transient stability is to be analyzed in
the future differs greatly from the current practice.
On one hand, as the assumption of large inertia through
concentrated generation will not hold anymore and the
increasing electrical distance between the generation and
loads will heavily influence the voltage stability of the systems. On the other hand the introduction of distributed
generation, with its large number of devices, has led to
complicated structures which cause different contingencies
that can lead the power system to instabilities. To help the
power system come to an equilibrium point after a disturbance, transient stability assessment methods like time domain (TD) approach, Extended Equal Area Criterion (EEAC),
Direct Lyapunov Method and Transfer Energy Functions
(TEF) were used. Repeated simulations in the TD approach
consume a lot of time and are inefficient in large systems

with dynamically varying components. EEAC cannot be directly applied to a multi-machine power system, because
the generators have to be grouped into critical and non-critical generators. Developing a method for grouping generators is not an easy task. The identification of the Unstable
Equilibrium Point (UEP) is difficult for complex modes of instability when the TEF method is applied to power systems.
The UEPs in Lyapunov direct method are computed through
an iterative procedure which may at times not converge to
an appropriate equilibrium point. There is still a need to find
a method to identify the UEP.
In this context of the EEAC and the problem of grouping
the generators we are exploring the applicability of using
an identification approach for angles and angular velocities
and critical clearing time calculation based on the Kalman
Filter.
The cooperation ACS - Tshwane University of Technology’s
was initiated with through a visit of a Post-Doc from TUTs
at ACS.
TUT and ACS have agreed to offer joint Bachelor-/ Master-/
Diploma Theses for interested Students and the first topics
are published on the websites of the institutes involved.

Fig. 1: Equal Area Criterion no more applicable in future
energy networks
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Impact of IEEE 1588 on the synchronization of pmus
Synchronized measurements, particularly performed with
Phasor Measurement Units, are seen as the key for the monitoring of future power systems. In this project we investigate
the possibility of using a software-only PTP (Precision Time
Protocol) synchronization method to synchronize different
PMUs, and we evaluate how this synchronization method
impacts the State Estimation.
PMUs are becoming a key element of monitoring, protection, and control of power systems, and the basis for the
implementation of Wide Area Monitoring Systems.
Currently, the GPS is the most commonly used system to
provide a time reference with sufficient availability and accuracy for most applications of PMU measurements. Nevertheless, in some circumstances different choices can be
considered, like the Precision Time Protocol (PTP) defined
in the standard IEEE 1588. This synchronization solution appears suited for those substations compliant with the series
of IEC 61850 standards.
As a case study, the data of the PMUs have been used to
estimate the state of a power system of reduced size and
complexity. In order to evaluate experimentally the impact
of the proposed synchronization solution on the synchrophasor measurement and finally on the state estimation, an
ad-hoc laboratory platform has been set up.

Fig. 1: PMU scheme

The measurement system consists of different PMUs connected to each other through an IEEE 1588 network. The
power system is simulated in real time using RTDS and the
state estimator, based on WLS algorithm, is implemented
on a separate machine and performed off-line.
The PMUs are emulated on a general purpose PC with a
real-time Linux kernel. The measurement signals generated
by RTDS are acquired using a general purpose acquisition
board and the PMU functionality are implemented in software. The power system adopted as a case study in this
work is a portion of the 110kV network of Aachen operated
by the local municipal utility of the city. The power system,
illustrated in Figure 2 is composed of eight buses and six
substations.
The outcome of this work will be the feasibility of the proposed synchronization solution for the purpose of state estimation, and then the generalization to other monitoring
applications. This project is being developed in collaboration with Prof. Dr. Carlo Muscas and Marco Lixia from DIEE
University of Cagliari, Italy.

Fig. 2: Power System Test Case
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VPNET: A Co-Simulation Framework for Analyzing the
Impact of the Communication Infrastructure on
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, all require the integration of tools
for communication with the other tools currently in use, specific for power equipment and control.
Computer based protection, distributed measurement and
control for fast reconfiguration of power systems all require
a suitable communication infrastructure. The impact of different architectures and protocols but also delays and lost
data packets on the operation of the power system, is to
be analyzed to assess in first place the feasibility of these
communication based technologies for the power systems.
It then becomes part of the integrated design process of
these new power systems. To facilitate this analysis, a numerical simulation environment is to be developed.
Five different co-simulation architectures, which combine
two or three of the following software: VTB, OPNET and Matlab/Simulink, have been considered at ACS to support not
only the design of protection systems for Medium Voltage

DC (MVDC) power distribution in a ship-board application
but also the study of communication impacts in territorial
power systems. In this work, the co-simulation framework
VPNET, which integrates VTB and OPNET, is introduced.
VTB is the simulator of choice for the power electronic system and its control, OPNET is the simulator of choice for
the communication networks. The co-simulation is realized
through a Coordinator that performs the data exchange
data between VTB and OPNET and synchronizes the simulation time of the two simulators. With this architecture it is
easier to change the parameters of the communication network in conjunction with parameters of the power system,
as compared to the co-simulation methods based on code
generation.
A boost converter with networked control was used as a
case study to validate the capability of VPNET. The simulation results demonstrate the capability of this co-simulation
framework for the case study. We are currently implementing more complex scenarios, and we are assessing the feasibility of real time co-simulation.

Fig. 1: VPNET co-simulation framework
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Simulation for design: multi-level components
Simulation has become an indispensable support in the
design process. This is particularly evident in the design of
complex, multi-physics systems. In these cases in particular,
though, the setup of the scheme to be simulated is a challenge in itself. In this work we aim at developing a method
for the selection of the right level of detail for each component of the simulation scheme, given the design objectives.
Simulation in support of the design of new generation of
complex power systems is particularly needed to gain system level perspective, but at the same time, it should allow
for detailed analysis of the behavior of individual components in context.
We thus propose a new generation of simulation solvers,
based on multi-level components. With this approach the
model of each component does not simply contain one
single mathematical representation, but it comprises a set,
with different mathematical representations of the component showing various levels of detail and accuracy. The selection of the right level of each component is a challenge,
to be resolved focusing on the use of the simulation results,
that is on the design objective that the simulation is expected to support. Such selection should be automatically
performed by the simulation environment, to guarantee the
accuracy required by the design objective, while minimizing
the computational effort.

To implement a solver with such capabilities, our first step
was to define a process able to synthesize the differences
between the levels of a component.
The approach we propose comprises a preliminary simulation phase, performed once and for all, during which the
differences between model levels are tested in a stochastic form for the entire range of reasonable operating conditions. The results of this test are then formalized with a
sensitivity function, then process with the discrete wavelet
transform for further synthesis of the results in a form usable for automatic selection. The final goal is to develop a
rule-based selection of the levels of all the models, conceptually based on the requirements of the design function.
The proposed solver will use meta-models of the components. Each meta-model incorporates all the levels of the
representation of the component, each level is associated
to an index that represents the computational cost, the formalization of the differences between levels with the related conditions of validity, and additional information that
can help the selection of the right level.
We are currently working on the development of the rulebased selection of levels and on the generalization of the
proposed approach to synthesize the level differences.

Fig. 1: Component representation
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An advanced method for fast analysis of systems
with uncertainty
Standard methods to analyze the propagation of stochastic
effects in systems are based on Monte Carlo methods, which
involves solving the system model for thousands of samples
of the stochastic variables. This approach is intuitive, and the
most accurate when speed is not an issue. However, in the
majority of all cases, the fast evaluation is a crucial matter.
Here we give an insight to alternatives which we have developed.

An approach which fills the gaps in conventional methods
is Polynomial Chaos (PC) Theory. Since the PC representation of a random variable is nothing but a rephrasing, the
variable can be treated mathematically in the same way as
the original random variable, with the difference that it is
easier to handle in the solving process. Compared to Monte
Carlo methods, PC methods are significantly faster when
the number of stochastic inputs is not too large.

In the past, the analysis of power grids relied on the fact
that the system behavior was deterministic. Due to ongoing changes, the influence of stochastic parameters is
constantly growing, and this tendency will be even more
significant in the close future. In particular, renewables such
as wind or solar power may inject an intermittent and partly
unpredictable, thus uncertain, source into the power grid
at every point in time. This leads to the transition from the
deterministic to stochastic dynamic analysis of power systems. However, the influence of stochastic quantities also
plays a major role in any other field which deals with uncertainty, ranging from market behavior to medical technology.

At our institute, PC Theory has already been applied to
various problems which contain stochastic parameters. Recently, we have developed a method which generalizes this
approach. While generally, the usage of PC requires some
preliminary adjustments according to the specific behavior
of the random variables and equations involved, our methods makes these preparations unnecessary.
With this method, the analysis of a system with, for example,
one stochastic parameter and target reasonable accuracy
can be reduced to six deterministic simulation runs, instead
of more than a thousand Monte Carlo simulations. Furthermore, the algorithm is independent of specific system properties, making it possible to treat the actual solving process
as a black box, the inputs of which are pre-processed by our
algorithm, and the outputs of which are post-processed to
give the stochastic behavior of the system in time.
Unlike other approaches like min-max-assessments, which
overestimate the uncertainty, or simple considerations of
mean and variance behavior, our new approach can capture
the full scope of the stochastic behavior of the system, giving a histogram of possible values for any desired instant.

Fig. 1: Schematic of the algorithm for uncertainty analysis
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PARALLEL DIRECT METHODS FOR POWER SYSTEMS
SIMULATION
In order to improve the design process of new concepts and
technologies in power systems, the execution time and the
numerical stability of the simulation methods need to be optimized. Applying a divide and conquer like approach, every
phase of the simulation process can be tuned up in order to
achieve automated fast and reliable real-time performance
for the overall dynamic analysis.
The underlying purpose of this project is to implement
novel high performance technique for supporting analysis,
design and simulation of advanced ship power systems. As
outcome of the work described here, there will be a set of
computational tools that will enable engineers to evaluate,
design and build new architectures and capabilities with
adequate efficiency, accuracy and economy.
More specifically, the scope includes achieving real time execution of the numerical simulation of large and complex
system models on DSP clusters. The implementation of the
proposed methods will be based on innovative techniques

for code generation, in order to achieve a fully automated
process. This research work also covers the formalization
and development of the corresponding analytical tools for
validating the simulations results.
After identifying and separating the different sub-processes
involved in the simulation cycle, specific solutions for every
sub-process are found, in order to get a globally improved
result. The most computationally expensive phase in the
real-time simulation process is solving the linear system
associated with the network matrix, and the most critical
process on solving a linear system of equations is the matrix factorization. As our simulation scheme allows for executing the ordering and factorization phases off-line, then
our main goal becomes optimizing the substitution of the
system step (see Fig. 1). By choosing the most convenient
off-line direct methods for sparse matrices, and combining
them with an on-line parallel strategy for the triangular solution stage, then we can achieve optimal performance for
our simulator.

We are currently working in the theoretical formalization
of the selected methods for every phase, in order to define
the implementation approach that exploits the best performance for all the involved structures and resources.

Fig. 1. Sequence of steps in parallel direct solution of a
linear system
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FlePS: a Flexible Power Simulator
Hardware-in-the-Loop (HIL) and Power-Hardware-in-theLoop (PHIL) are becoming more and more used techniques
to develop new product reducing time to the market and de
risking the testing phase. In this project we are developing
a Flexible Power hardware interface to allow PHIL tests up
to 25kVA.
HIL technique is primarily used to test controllers and is easily implemented since only signal coupling between the
real-time simulator and the hardware under test is needed.
Using PHIL technique devices can also be tested at power
level.

To be able to perform PHIL test we are building a power
interface called “FlePS” (Flexible Power Simulator). This interface allow us test of device up to 25kW with a wild set of
possible connection: a three-phase AC system with variable
neutral point, two single-phase AC or two DC system. For
each of the mentioned connection the FlePS can be configured to work as voltage source or as current source.
In Figure 1 the dashed line encloses a block diagram of the
complete power interface. The power section of the platform consists of a three-phase isolating transformer, an active front end (AFE), a controlled four-leg DC/AC converter
and a three-phase decoupling filter. The control algorithms
are implemented on a DSP-FPGA embedded hardware. The
control hardware also performs the following tasks: acquisition of the reference signals from the real time simulator as
the computed values of the interface variables, acquisition
of the voltage and current feedback measurements at the
output filter (and possibly other variables) and generation
of the PWM signals for the converter.

Fig. 1: FlePS Schematic

The connection between the simulator and the devices under test is realized through an 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 the interface introduces errors and delays which
can lead to inaccurate results or, in extreme cases, severe
instabilities. Therefore, the interface is to be designed and
built to support the demanding dynamics of the simulated
system.
Fig. 2: FlePS in construction
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Feasibility Study for a Medium Voltage DC-Grid (MVDC)
In a combined research project ACS and PGS are looking at
the technological developments that are necessary to realize
a MVDC grid. This research work includes a feasibility study
for an MVDC grid within the university campus.
Several studies have shown that DC power systems can be
an enabling technology to support the transport of the electrical energy over distances and in grid structures that are
necessary to support a broad roll-out of renewable power
generation. Furthermore, DC systems are not only interesting for transmission systems but also for distribution systems. In some cases, a full DC grid (including transmission
and distribution) reduces the complexity of the whole system. Good examples are offshore wind farms where all the
power generation is interfaced though power electronic
converters with DC busses.

The test case includes the area where the E.ON Energy Research Center is located and forms a good example case
with the possibility to include the research activities of
the Center especially on DC-DC-converters. The realization
of a multi-terminal DC-grid implies addressing hardware
and operational challenges. One the one hand the technical requirements for the equipment and on the other hand
the concepts of protection and control have to be defined.
Installing an additional MVDC system next to the conventional AC system will support the full and safe testing of
multi-terminal DC systems including the control structures,
as supply through the existing AC grid is guaranteed.

Even for onshore grids MVDC systems may be an appealing
option. While this solution has been realized in industrial
plants, it is being evaluated for the general grid but there is
not any part currently based on DC distribution, also for the
lack of field experiences beyond small dimensions. On the
other hand a distribution system would be a suitable test
setup for a multi-terminal DC grid as it has lower hardware
demands than HVDC grids where connections are limited to
point-to-point connections (e.g.: Italy: Sardinia - Mainland).
Multi-terminal connections are essential though for all levels of the grid.
Our investigation of MVDC grids will focus on the university
campus. The university area creates a perfect test case with
a great variety of demand behavior and multiple institutes
with large peak demands that are expected to be supplied
as well. Therefore, topics like load balancing can be easily
addresses. In combination with a possible large-scale battery storage system demand peaks to the existing AC grid
can be avoided.

Fig. 1: Server-Structure for Multi-Domain Simulation
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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 at
the development of a real-time simulator for off-shore wind
farms yet applicable to a variety of distributed generation
systems.
As wind energy becomes a significant share of the energy
balance, particularly in the form of large, off-shore wind
farms, it is necessary to evaluate in real time its impact on
the network.
The goal of this project is to develop the hardware and
software infrastructure for the real-time simulation of large
wind farms, with particular reference to off-shore wind
farms.
This capability can be used for research purpose, for example for the development of new control strategies, or for
certification purpose, for example for testing real equipment with Hardware-in-the-Loop technology prior deployment, or to assess the compliance of a wind farm with the
grid code.

a detailed description of each tower down to the switching
converter details
In order to realize the simulation of such large system with
very different time scales, we plan to exploit extensive parallel processing capability that we have. A dedicated DSP
cluster, where each processor represents one single tower,
will simulate the wind farm. Then, the wind farm is connected to the real-time grid simulator (RTDS) with a connecting
model that represents the HVDC link between the off-shore
wind farm and the mainland.
This infrastructure may be adapted in the future to the
simulation of any other distributed energy resource, for example large photovoltaic installations, so we believe it can
be considered a very critical contribution in the study of
complex power systems.

Thanks to use of parallel computing will be possible to analyze the whole wind farm at system level checking its impact on the grid but at same time will be possible to have

Fig. 1: Wind Simulator Structure
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Setup for Mechanical and Electrical Testing of Wind
Turbine Nacelles
A 1 MW-range test bench for wind turbines will be realized at
the RWTH Campus Melaten as a joined project between different institutes of mechanical and electrical engineering. This facility will allow for testing the entire drivetrain, from the gearbox
to the generator.
The overall reliability of wind turbines has a strong impact on
the feasibility of achieving the national and European goals in
renewable energy generation. Components are usually tested
individually, but not at as a system at full power scale. As part
of a consortium of RWTH Institutes that focuses on wind power ACS and PGS will realize a Hardware-in-the-Loop setup (HIL)
as part of the 1 MW-range test bench for the investigation of
the electrical behavior of a full scale wind turbine. The main
focus will be the interaction between the wind turbine and the
power grid and especially the verification of compliance with
the grid code.
Mechanically, forces can be applied to the shaft of the wind
turbine that represent on one side the rotation of the blades as
well as on the other side the unsymmetrical forces caused by
different aerodynamic conditions at each individual blade. In
combination with a condition monitoring system weaknesses
of the overall setup should be pointed out.
The project planned in two separated phases. In the first
phase, a 1 MW-range setup, which is under construction right
now, is to be established. This first installation will yield the
general proof of feasibility, with the capability to test small to

medium size wind turbines. In the second phase, a 4 MW setup
will be installed, based on the experience of the first phase. The
power range of the second phase setup is intended to aim at
the expected onshore wind turbines power levels. Today’s onshore turbines have an average installed power of 2 MW and it
is expected that limitations to transport the turbines onshore
restrict the installed power to 3 MW for upcoming installations.
The installation of wind power is expected to be still dominated by onshore wind power. Therefore, the power range of the
planned setup is set to 4 MW.
With the HIL Setup the wind turbine can be included in a virtual wind farm as the rest of the turbines are modeled in the
simulator. The wind turbine under test is operated at actual
power level, while the other wind turbines of the testing system are simulated in real-time and their power interface with
the turbine under test is emulated via power converters controlled with the real time simulation output. Thus, the design
of the wind turbine and its control can be optimized for joint
mechanical and electrical behavior.
A further research enabled by the test bench consists in the
evaluation of alternative drivetrain concepts, where there is
not enough real-world operational data yet available.
The test bench for wind turbines will enable the investigation
of turbines as a real and fully built system, inserted in its final operational environment, with the opportunity to analyze
measure in different physical domains through advanced
equipment, before the actual deployment.

Fig. 1: Overview of the structure of the 1MW test setup for wind turbine nacelles
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OPIMIZATION OF TASK SHARING AMONG POWER
ELECTRONIC BUILDING BLOCKS (PEBB) CONVERTERS
In a power electronic system with several multi-functional
PEBB converters, one big challenge is coordination, to ensure
system level objectives, as stability and power quality, as well
as local objectives, as feeding of critical loads and energy
storage management. Furthermore, in such a complicated
system the plug&play feature is nearly unavoidable. The goal
of this work is to investigate methods to optimize the coordination in the form of task and burden sharing among the
PEBB converters.
Multi-functional PEBB converters can be employed to supply active and reactive power to the loads and to and from
energy storage devices or other interfaced power systems.
They can as well support power quality by suppressing harmonic distortion and balancing the loads. The multi-functional feature allows for exploiting the installed conversion
power at most, also for tasks that may not be performed
if they required installation of dedicated power converters.
Since each of these devices can contribute with different
tasks at the same time, subject only to its operating limits, a
method must be developed to exploit such flexibility, sharing the tasks and contributions among the PEBBs.

In this work, we aim at facilitating the task sharing of the
PEBBs shunt connected current converters (ShCC) by solving an optimization problem. Sharing coefficients that
quantify the contribution of individual converters are defined as the variables of the optimization problems. The
physical and operational limits of the converters and of the
system are the constraints for the optimization problem.
Up to now, the optimizations for equal utilization of the converters and for minimum losses have been implemented
and tested on a micro-grid test case.
The optimization is carried out in a centralized manner to
build a reference case. Distributed optimization methods
are currently under consideration as we aim at realizing the
task sharing in a multi-agent framework with fully distributed intelligence.
This work is carried out in cooperation with Prof. H. L. Ginn,
University of South Carolina, USA.

Fig. 1: Illustration of the system setup and optimization in the case study
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Power Hardware-In-The-Loop test bed for Home
Energy Systems
The aim of this project is the development of a Hardware-inthe-Loop test bed to evaluate home energy systems under
a variety of different scenarios. The outcome will be an innovative platform where the joint performance of electrical
and mechanical components of a home energy system can
be investigated.
The diffusion in new and future homes of advanced heat
generation processes as heat pumps, gas heat pumps, combined heat and power generation units and decentralized
electrical power generators call for a smart energy control.
The interdependency of the elements of such a future home
and the dependency on external conditions such as weather and user habits and decisions makes it very difficult to
reliably predict the overall system performance in any particular configuration.

since only signal coupling between the real-time simulator
and the hardware under test is needed.
The new Power-Hardware-in-the-Loop test bench will extend the concept of Hardware-in-the-Loop to the level of
real power exchange. The connection between the simulator and the devices under test is realized through a so
called “Grid Emulator” which converts the signals of the
simulation results into power at the terminals of the connected device under test. This approach allows for investigating the performance of components in dependency of
power quality and under dynamic and fault conditions.
All essential parts of a home energy system will be tested
as real hardware and the missing parts will be emulated
with advanced simulation models.

Field studies of E.ON Energy AG focusing on systems comprising a large heat pump have shown that the in-situ performance of complex heat generation units depends on the
dynamic load conditions. Thus, standard steady state test
procedures cannot predict the overall system performance
in detail.
The traditional Hardware-in-the-Loop approach is primarily
used to test system controllers and is easily implemented

Fig. 1: Schematic of home energy system
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Techno-economic validation for Home Energy
Systems
In light of the 20-20-20 targets of the European Union, reduction of CO2 emissions via use of renewable sources and via
energy saving is a must. The fact that nearly 40% of the total
energy is consumed in buildings points at this as a natural
target for energy saving, also creating new business opportunities.
These are possible only if technical and economic aspects,
that are intertwined, are evaluated in a holistic manner. For
this purpose, we were approached by a Fortune 500 company, in particular to build a numerical simulation framework for analyzing different technological energy solutions

combined with different characteristics of the building and
the region, varying energy prices, legal and policy aspects.
Furthermore, financing methods and policies are taken into
account, as the expenditure for the equipment may not be
easily affordable upfront by the individual household.
Under the lead of ACS, the expertise of EBC, FCN and PGS
is integrated in a tool that can simulate thousands of scenarios over multi-year time periods and can handle simultaneously multiple uncertain parameters.
The tool is currently used to perform techno economic evaluation for home energy concepts and technologies.

Fig. 1: Techno-economic tools
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14-23

ACS was involved in the first semester project „Matlab
meets LEGO Mindstorms“ for the first time. This project is
supervised by all institutes of the Faculty for Electrical
Engineering and Information Technology.

17

Prof. Monti gives a keynote speech at Ericsson Innovation
Day.

16

Prof. Monti participates at the advisory board meeting of
the Midland Energy Consortium Graduate School in
Birmingham.

09

Prof. Monti attends the Uni Cup as a goalkeeper for the
ET Lions.

01-03

Prof. Monti participates in a workshop in Glasgow,
organized by the Office of Naval Research, to review
European activities.

November 2010
26

Prof. Monti, Mr. Benigni and Mr. Cupelli give speeches at
the Giornata Interdisciplinare delle Scienze (Interdisciplinary Day of Science), organized by the Italian Consulate of Cologne.

18

Prof. Monti attends a workshop at TU Munich with
Dr. Vogel and Prof. De Doncker, in order to specify
collaboration areas.

03

Prof. Monti is invited to give an interview at the radio
show Radio Colonia on WDR.

October 2010
25

Prof. Monti and Mr. Helmedag visit Fraunhofer SIT in
Freiburg to define possible collaborations.

5-8

Prof. Monti teaches a set of lectures at University of
Brescia to introduce the impact of Power
Electronics in the automation of Modern Grids.

05

Arrival of M.Sc. Lin Zhu

01

Departure of Bessie Monchusi for South Africa
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September 2009

june 2010

24

Arrival of M.Sc. Fei Ni and M.Sc. Xiang Wu

11

22-24

The workshop IEEE Applied Measurement for Power
Systems organized by IEEE Instrumentation &
Measurement Society is hosted by ACS. Among the
participants are past IEEE Society Presidents,
Prof. De Doncker (RWTH-Aachen University) and
Prof. Ferrero (Politecnico di Milano), as well as Dr. Touati
from E.ON C & R.

Prof. Ponci represents RWTH Aachen University at
the kick-off event of the IEEE WIE Affinity Group in
Munich, hosted by GE Global Research. She also
presents the E.ON ERC to the GE researchers in the
area of power and energy.

10

An International Energy Cooperation Program (IECP)
is signed with Tokyo Institute of Technology (Tokyo
Tech) and E.ON ERC at RWTH Aachen University
(RWTH). In this context, a research liaison between
Prof. Yoshihiko Kataoka and Prof. Monti in the area of
Automation of Complex Power Systems is formed.

15

Prof. Ponci and Prof. Monti attend the ECCE
conference in Atlanta. Prof. Ponci chairs the
Sessions “Sustainable Energy Applications:
Microgrid” I, I and III and Prof. Monti presents the
paper “Decentralized LQG Control with Online
Set-point Adaptation for Parallel Power Converter
Systems”.

07

Arrival of visiting scientist M.Sc. Marco Lixia from
Italy

03

Arrival of M.Sc. Jing Wang and M.Sc. Junjie Tang

May 2010
27

Departure of Huimin Li for the US

26

Prof. Michael Vorländer, Dean of the Faculty for
Electrical Engineering and Information Technology,
RWTH Aachen University, extends in name of Rector
Schmachtenberg of RWTH Aachen University, the
official title of APL Professor (Professor Extraordinarius) to Prof. Ponci.

21

Prof. Monti presents the activities of the E.ON ERC in
the area of Smart Grid at the ADINE Workshop in
Aachen.

3-8

IEEE I2MTC 2010, Austin (Texas) Prof. Ponci chairs a
Session and for the first time participates at the
activities of the IEEE Instrumentation and Measurement AdCom. During the same conference
Prof. Monti presents two papers.

august 2010
30

Dr. Ponci is featured on the IEEE PELS website

30

Dr. Ponci’s paper won the Technical Committee
Prize Paper Award for 2010 (IEEE Power and Energy
Society, Power System Analysis, Computing and
Economics Committee) for her IEEE Multiagent
Systems Working Group’s Transactions paper, based
on citations and impact of the paper.

23

Hiring of Dipl.-Ing. Christoph Molitor

16

Hiring of Lic. Milahi Marin

02

Arrival of visiting scientist Bessie Monchusi, PhD,
from South Africa

April 2010
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27

Prof. Monti and Dr. Vogel represent E.ON ERC at the
Alpha Ventus Inauguration Ceremony.

19

During a visit from the Polish Consulate in Germany,
Prof. Monti presents ACS at the delegation and intro
duces the E.ON ERC Facilities.

16

Visiting scientist M.Sc. Huimin Li from the US joins
ACS

15

At the ECPE workshop on Power Electronics for
Energy Efficient Buildings, Lighting, Home
Appliances, Prof. Monti gives an invited talk.

08-13

Prof. Monti serves as Guest Professor at Politecnico
di Milano teaching a special course on Modeling and
Simulation for Complex Power Systems

01

Hiring of Dipl.-Math. Kanali Togawa

March 2010
15-19

Prof. Monti and Prof. Ponci visit the University of South
Carolina to strengthen the research collaboration
with the ERC.

08-09

Prof. Monti presents an invited contribution and
participates at a Jara Energy meeting on the topic:
“Distributed Energy Resources”

February 2010
22-24

Prof. Monti gives a keynote speech at the first IEEE
Workshop on Complexity in Engineering. In the same
meeting Mr. Andrea Benigni presents a research
contribution.

11-17

Prof. Monti serves as Guest Professor at University of
Trento teaching a special course on application of
power electronic control to the automation of
distributed energy sources

january 2010
28

Prof. Monti gives a presentation at the meeting
“Warum Energie Technik” in SuperC

27

Meeting with incoming RWTH students Beer und
Broetchen for incoming RWTH students.

07

Prof. Monti and other ERC Professors meet with the
press on the topic E-mobility.
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Energy Efficient
Buildings and Indoor
Climate

Univ.-Prof. Dr.-Ing. Dirk Müller

Preface
The young history of the Institute for Energy-Efficient Buildings and Indoor Climate has begun in October 2007. As the
result of many new projects and partners from the scientific
world as well as from industry, we have been able to increase
the total number of staff members to almost 60. This ‘energy’demanding process has been enabled by the very dedicated
work of all of our staff members and the excellent support
from our center administration. In particular, our new research topics regarding energy-efficient city quarters and
energy conversion systems need the very committed work of
our research associates, our software engineers and all student assistants. Due to my many different activities running
at our institute, I was not always able to provide good assistance to all of you during this first three years. In this regard,
I would like to expressly thank everyone for this engagement
in our research. I hope to better myself next year!
What has happened in 2010? After finishing our interim office building in August 2009, the construction team of RWTH
Aachen University and the Department of Construction and
Inspection of North Rhine-Westfalia (Bau- und Liegenschaftsbetrieb NRW) completed our new experimental hall in March
2010. Special thanks go to Geva Aschhoff, Herbert Holler and
Tanja Osterhage for their strong commitment and support
of this project. The new experimental hall combines both a
nice façade structure with a very flexible lab space. This offers much potential for experimental research and is a very
important step forward for our research center.
Together with many friends and guests, we were able to celebrate a grand opening ceremony. After the opening, we immediately started to work on several experimental projects.
The experimental hall—characterized by a design that allows
flexibility in usage and first setups— showed both, a proof of
concept and of cause, despite some small malfunctions that
will keep us busy for the next month. Due to the impressive
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performance of all members of our mechanical and electrical workshop, we could implement new experimental setups
for room airflows, comfort studies, full-scale façade measurements and hardware-in-the-loop testing for advanced supply
systems. The team, including student assistance, managed to
use almost the entire laboratory space during the last eight
months!
Now, we focus our construction efforts on the new main
building that will host all institutes beginning in October
2011. The building will serve as office, conference and lecture
space and it will provide additional laboratory space in two
ways. First, the basement includes labs for electronics and
geophysics used by our colleges. Moreover, our institute will
build up an indoor air and acoustics lab. Second, the building
and the buildings supply system itself will be our “living lab
space”.
In many technical and non-technical disciplines, it has been
shown that new solution approaches can be developed and
evaluated especially effectively in self-trials. Thus, we have
decided also to use our new main building – and our E.ON
Energy Research Center colleges – as a platform for a ‘selftrial’. We look forward towards testing a new energy supply
system that combines internal heat recovery and very flexible supply systems. The design of the systems follows an
integral solution approach accounting for all thermal sinks
and sources. In connection with a new generation of façade
ventilation units that include an adaptive heat recovery unit,
we want to constructively incorporate the themes of energy
efficiency and indoor quality and comfort. Again, I wish to
thank all my colleagues, the construction management of
RWTH Aachen University and the Department of Construction and Inspection of North Rhine-Westfalia for contributing
their support of this ‘large-scale instrument’ for research. I
hope that, together, we can show how a good room climate,

conducive to efficiency and health and having attractive lifecycle costs, can be made available. I am convinced that using
all our new facilities will enlarge our knowledge in the field of
experimental sciences significantly!
Both full-scale experiments such as our main building and
advanced simulation methods are used to optimize supply
systems and to prove the advantages of new concepts. Unlike
many other energy approaches typically applied nowadays,
our institute applies an ‘exergy’-based analytical technology
which, in particular, involves sensible utilization steps for energy conversion. This method enables a thermodynamically
valid evaluation of the entire energy supply chain starting
from a global view of the energy conversion chain extending
down to the energy streams within a building.

ing? In this regard, the Institute for Future Energy Consumer
Needs and Behavior contributes considerably to our ongoing
projects.
As the result of its financial support and guidance, the E.ON
AG has made its possible to implement the E.ON Energy Research Center at our university. As one 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 supporting our center. All people involved
have been very helpful and patient in the process of setting
up our new organization and the research structures.

Particularly interesting is the development of new concepts
for energy-efficient cities and communities. Since the building stock has to contribute a major part towards necessary
energy savings, 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 electronics. This year we have been able to complete a first preliminary study for the city of Aachen. One result is the so-called “retrofit matrix” offering a unique planning
tool for energy-efficient city quarters. And, at the end of this
year, a new project addressing the energy-efficient campus of
tomorrow has been approved by the Federal Ministry of Economics and Technology. This study will include RWTH Aachen
University as well as the Jülich Research Center.
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 cool-

CONTACT
Univ.-Prof. Dr.-Ing. Dirk Müller
Director EBC
Mathieustr. 6
52074 Aachen
Germany

T +49 (0)241 80 49761
F +49 (0)241 80 49769
dmueller@eonerc.rwth-aachen.de

Preface

63

Table of contents
Institute for Energy Efficient Building and
indoor climate
Preface

62

Organization Chart

66

Team

67

Members of Staff

68

Technical Equipment and Lab Space

70

Teaching

72

Research Project Descriptions

64

Software Development Skills

74

Energy Concept for the New E.ON ERC Main Building

75

Positiv Energy Buildings through better Control Decisions (PEBBLE)

76

Dynamic Buildings and System Simulation for CHP Utilisation

77

Investment Opportunities for Energy Efficient Buildings

78

Smartphone Apps for Energy Efficient Buildings and Indoor Climate

79

Energy Concept for the Historical City of Aachen - E3

80

EASE- Energetic Upgrading and Urban Development

81

Evaluation Tool and Retrofit Matrix for Office Buildings

82

Field Study of Different Retrofit Solutions for Residential Buildings

83

New Technologie for District Heating Systems Applying Cogeneration Units

84

Analyse of Domestic Heat Pump Systems

85

Hardware in the Loop test Bed for Home Energy Systems

86

Exergy Analysis of Office Buildings with Geothermal Systems

87

Latent Heat Storages and Solar Collectors for Heating Systemsl

88

Parrafin Emulsions as a new Latent Heat Storage Medium for Buildings and District Heating Systems

89

Table of Contents

Energetic Evaluation of Water Based and Electric Heating Systems Based on Energetic Numbers

90

Adaptive Control of Radiators in Residential Buildings

91

Hybrid Ventilation Systems for School Buildings

92

Energy Efficient Computer Center

93

Design of a new Experiment for Transit Room Airflow

94

Room Airflow Effects Applying Unsteady Boundary Conditions

95

Investigation of large-Scale Room Air Flow Structures by using the 3D PTV

96

Sensor System for thermal Comfort and Air Quality Measurements

97

Energy and Comfort Models for Automobile Cabins

98

Comfort Modelling in Complex Environments

99

Thermal Comfort in Aircraft Cockpits

100

Airflow Measurements in an Aircraft Cab in Mock-Up

101

Displacement Ventilation Air Diffusers for Aircraft Cabins

102

Internal Airflow Studies in Active Chilled Beams

103

Selected Publications

104

Chronicle

106

Table of Contents

65

Organization Chart

DIREKTOR EBC
DIRECTOR
Dirk Müller

OBERINGENIEUR
CHIEF ENGINEER
Rita Streblow

SEKRETARIAT

FORSCHUNGSGEBIETE
RESEARCH GROUPS

SEKRETARIAT
SECRETARIAT

ENERGY
RAUMLUFTSTRÖMUNGEN
CONCEPTS FOR BUILDINGS
UND
AND
LUFTQUALITÄT
COMMUNITIES

ENERGY
HEATING
WÄRME-,
CONCEPTS
AND AIR-CONDITIONING
KÄLTEFORUND
BUILDINGS
SYSTEMS
AND
SPEICHERTECHNIK
COMMUNITIES

Doris Heinzel

Katrin Ansorge

Michael Adolph

Laura-Marlen
Stein
Doris Heinzel

Azadeh H. Badakhshani

Kan Chen

Sidney Baltzer

Inga Eggers

Davide Calí

Henning Freitag

SOFTWARE

Ana
AnaConstantin
Costantin

MaxKopmann
Huber
Nina

Ines Adrian

Johannes Fütterer

PeterKopmann
Matthes
Nina

Karam Amara

Gregor
Alexander
Hillebrand
Hoh

Peter Matthes

Torsten Schäfer

Alexander
Hoch
Gregor
Hillebrand

Thorsten Stocksmeier

Tanja Osterhage
Sebastian
Tanja Osterhage
Stinner
ROOM
RAUMLUFTSTRÖMUNGEN
AIR FLOWS, THERMAL COMFORT
UND
AND INDOOR
LUFTQUALITÄT
AIR QUALITY

ENERGY
GENERATION
WÄRME-,
CONCEPTS
KÄLTEAND
FOR
STORAGE
UND
BUILDINGS
AND
SPEICHERTECHNIK
SYSTEMS
COMMUNITIES

ENERGY CONCEPTS FOR BUILDINGS
AND COMMUNITIES

Björn Flieger

Kristian Huchtemann

Thomas Henn

Claudia Kandzia

Pooyan
ArminJahangiri
Knels

Paul Mathis

ArminLeonhardt
Knels
Corinna

Jana
Panašková
Martin
Schmidt

Corinna Leonhardt

Martin Schmidt

66

Organization Chart

WORKSHOP
WERKSTATT

Team

Team

67

Members of Staff

Univ.- Prof. Dr.-Ing.
Dirk Müller

Dipl.-Ing.
Björn Flieger

68

Members of Staff

Ines Adrian,
M.Sc.

Dipl.-Phys.
Michael Adolph

Karam Amara,
B. Sc.

Dipl.-Ing.
Katrin Ansorge

Dipl.-Ing.
Sidney Baltzer

Davide Calì,
M. Sc.

Kan Chen,
M.Sc.

Dipl.-Wirt.-Ing.
Ana Constantin

Dipl.-Ing.
Henning Freitag

Dipl.-Wirt.-Ing.
Johannes
Fütterer

Doris Heinzel

Thomas Henn

Dipl.-Ing.
Inga Eggers

Pooyan Jahangiri,
M.Eng.

Dipl.-Ing.
Martin Schmidt

Gregor
Hillebrand,
M.Sc.

Dipl.-Ing.
Alexander Hoh

Azadeh Hosseini
Badakhshani,
M. Sc.

Dipl.-Ing
Max Huber

Dipl.-Ing.
Claudia Kandzia

Dipl.-Ing.
Armin Knels

Dipl.-Ing.
Corinna Leonhardt

Dipl.-Ing.
Nina Kopmann

Dipl.-Ing.
Paul Mathis

Dipl.-Ing.
Peter Matthes

Dipl.-Ing.
Tanja Osterhage

Dipl.-Ing.
Jana Panašková

Laura-Marlen
Stein

Sebastian Stinner
M.Eng.

Thorsten
Stocksmeier,
B. Sc.

Dr.-Ing.
Rita Streblow

Dipl.-Ing.
Kristian
Huchtemann

Torsten Schäfer,
B. Sc.

Members of Staff

69

Technical Equipment and Lab Space
With the official opening of the experimental hall in March
2009 the experimental work of the institute takes it real
course and the work of all four institute’s research groups
could be strongly expanded.

factured with acrylic glass. This provides an insight into the
technical configuration for student courses. Furthermore it
enables the use of optical measurement techniques for the
analysis of different components. One unit is designed for
a temperature range between -15 and 40 °C and a relative
humidity between 5 and 80 % which also enables the provision of outdoor conditions for the test facilities.

Indoor Climate lab
In the indoor climate lab several real scale test benches for
the investigation of room airflows, thermal comfort and
heating and cooling systems are built up. The experiments
focus both on basic research and practical applications. Basic experiments are conducted in the Aachen model room.
Detailed temperature and velocity measurements provide a
basis on the understanding of room airflow structures. Beside buildings the airflow distribution is also an important
aspect in cabins. Complex flow structures make it necessary
that simulations are always accompanied by experiments.
The construction of an aircraft cabin mock-up, which will
be completed during next year, enables the analysis of different ventilation systems and passengers thermal comfort.
The test bench for heating and cooling systems is a room
system for testing components with environmental simulations, which lives up to the highest standards through
detailed controllable boundary conditions. The hardware-inthe-loop-bench for hydraulic network applications complements the considerations of single components in the context of hydraulic networks up to multi-family houses.

Air Handling Units
Three air handling units supply the different test benches
with conditioned supply air. The units can also be connected
among each other to generate defined boundary conditions
for component tests. The units integrate all typical technologies of heat recovery. The front panels of all units are manu-
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Façade systems
The test facility for façade systems integrates structuralphysical and systems engineering tasks. Four identical
rooms are thermally decoupled from the experimental hall
and have a completely exchangeable façade so that four
different façades can be installed at the same time. All of
them can be analysed with identical ambient conditions.
The rooms are equipped with air and water systems which
provides a wide field for comparisons of technical solution
to provide comfortable indoor conditions.

high sensitive pressure sensors

Automotive Air Conditioning
•

Omni directional thermal anemometers with 		
wireless communication

•

Three direction Laser-Doppler-Anemometer

•

Particle-Image-Velocimetry (PIV) system

•

Thermographic camera

•

Sound level analyser

Heating, cooling and storage systems

•

Reference sound source

A test facility for heat storage devices provides the connection of up to four different storages to a temperature
controlled water circuit. First experiments are focused on
the integration of latent heat storages in heating systems
together with solar heat. Different phase change materials
and storage constructions are analysed. Beside the static
system analyses further investigations on phase change
materials are conducted in a lab for emulsions and suspensions. The close cooperation with ACS and PGS brought also
the set-up of the hardware-in-the-loop approach for complete home energy systems forward. The test facility also
includes the side of the electrical grid which enables power
and emission tests for combined heat and power units
(Mini and Micro-CHP), heat pumps and chillers.

•

Multigas sensors

With the acquisition of an own test vehicle component
and system tests can be conducted. The cabin climate can
be analysed by local velocity measurements or entire flow
field measurements with a Particle-Image-Velocimetry (PIV)
system accompanied by temperature measurements. Beside physical measurements experiments with test persons
provide information about human thermal sensation and
comfort.

Beside the experiments the themes of energy efficiency
and indoor room quality are considered by simulation which
can be performed on a high-performance computer cluster
hosted by the high performance computing group of RWTH
Aachen University.

Measurement equipment
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 available:
•

Air temperature, surface temperature, humidity,
pressure, illumination, CO2, volume flow rate and

Technical Equipment
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Teaching
Air conditioning technology

ENERGY GRIDS

In Europe, people spent much of their lifetime inside buildings and means of transport. Hence, a comfortable indoor
climate is a basic need of mankind with direct influence on
health and performance. Nowadays, mankind is confronted
with the great challenge to use its natural resources more
efficient even for air conditioning. The course serves an introduction in basic calculation methods and it gives a brief
overview about resource-conserving techniques for air conditioning.

Beside the generation and the final consumption of energy,
the efficient distribution of energy represents a core component regarding the solution for the oncoming challange
of global energy supply. In this course current energy technologies of electric current, gas, and heating networks and
the shifting between these energy sources are discussed.
In addition future ways of efficient energy supply are ana
lysed. The lecture will be held in coorperation with Dr. Jürgen
Lenz (E.ON Ruhrgas AG, DVGW).

BASIC OPERATIONS OF ENERGY TECHNOLOGY

RENEWABLE ENERGIES FOR BUILDINGS

Energy is the potential to do work, stored in a system or
matter. Energy can be of different forms but cannot be generated nor consumed (energy theorem). The different energy forms can be transferred into another by conversion
processes. After an introduction into the basics of energy
transformation, this lecture is focused on the three main
topics: combustion, heat transfer and energy conversion
machinery. The different appliances for energy conversion
like boiler, heat exchanger and engines (e.g. pumps and
compressors) will be explained and calculated. References
to applications in building technology will be made.

Today, more than 40 % of final energy in Germany is used for
heating and hot water generation. A sustainable reduction
in primary energy consumption and CO2 emissions requires
an intensive use of new technologies in the field of construction and building services installation. In this lecture,
fundamental calculation procedures and links between the
heating load and the annual primary energy demand are
explained. The possible use of renewable energy sources for
buildings is presented using examples such as the use of
solar radiation and geothermal energy as well as the technically appropriate use of storage systems and heat pumps.

ENERGY ECONOMICS

SEMINAR ON ENERGY SYSTEMS

Rising energy prices and the required reduction of the CO2
emissions demand the efficient use of all available energy
carriers. In this course, the energy demand of typical consumers, both private and industrial, is calculated and various
options to reduce the energy consumption are discussed.
Process analysis is used to develop methods increasing energy efficiency. The course ends with an introduction to the
economic analysis and assessment of the energy sector. Our
institute offers this course in corporation with the institute
for reactor safety and reactor technology.

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

SEMINAR ON ROOM AIRFLOWS AND INDOOR COMFORT
The seminar addresses actual topics on ongoing research
projects in the areas of room air flows and indoor comfort
at PhD level. Each seminar starts with a presentation of ongoing or finished projects followed by an intensive discussion.
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Teaching
Diploma Theses

Study Theses

Thermodynamic Modeling and Simulation of Refrigerant
Circuits in Heat Pumps – Paolo Schmidt-Holzmann, January
2010

Design and Construction of a Generic Model for Studies of
Ventilation and Air Conditioning Components using Laser
Doppler Anemometry (LDA) – Christopher Patrik Steinhoff,
July 2010

Design and Development of a Water Cycle Test Bench for
Latent Heat Storages – Sebastian Porth, June 2010
Historic City of Aachen – Energy Demand of Hotels – Christine Dern, July 2010
Historic City of Aachen – Development of an Retrofit Array
for Non-Residental Buildings using the Example of Administrative buildings – Lisa Marie Meyer, July 2010
Historic City of Aachen – Development of an Retrofit Array
for Non-Residental Buildings using the Example of School
buildings – Pia Angelika Auferkorte, August 2010
Energetic and Economic Evaluation of Retrofit Heat Pumps
in Buildings – Johannes Fütterer, September 2010
Energy- and Indoor Climate Management for a Netto-Zero
Energy house – Simon Arbach, October 2010

Modeling of U-Pipe Ground Source Heat Exchangers in Modelica – Kai Rewitz, September 2010
Numerical Investigation of Free and Wall Jets in Active
Chilled Beams – Martin Möhlenkamp, December 2010

project thesis
Comparison and Evaluation of the Analysis for a residential
building by EnEV 2007 (DIN V 4108/4701) and EnEV 2009 (DIN
V 18599) – Eike Ketelsen and Morten-Christian Louis Meyer,
August 2010
Engineering and Assembling of an Test Bench to Examinate
Heating and Cooling Equipement in Combination with Paraffin-Water Emulsion – Daniela Getz-van Bentum, Christoph
Bara, Sebastian Vinkenflügel, November 2010.

Optimization of a New Fan Design for a Decentralized Ventilation Unit - Harishchandra Chauhan, October 2010
Investigation of the Internal Airflow in Air-Water-Systems
Based on a Parametric Geometry Model – Marc Leipnitz, November 2010
Simulation and Comparison of Different District Heating
Networks in Combination with Cogeneration Plants – Pooyan Jahangiri, November 2010

Teaching
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Software development skills
Software development at the Institute for Energy-Efficient
Buildings and Indoor Climate (EBC) falls largely within the
sphere of competence of Mathematical Technical Assistants
(MaTAs) who not only provide support to the academic staff
within the research projects but also form the link to a comprehensive data processing infrastructure.

develop algorithms and applications custom-tailored to the
different test benches. They are likewise involved in the processing and the analysis of generated or obtained datasets,
by developing and utilizing applications and scripts to validate data integrity and to structure and efficiently process
the measurement data.

Mathematical-Technical Assistants (MaTAs) mainly work
on designing, implementing and maintaining software
systems based on mathematical models in companies, research institutions and data centers. At the EBC, the MaTAs
deal primarily with the programming tasks of the institute
and support both the scientific and the student employees
concerning software-related tasks.

Besides their work in the field of experimental research,
some projects also require conventional programming,
where especially the development of graphic user interfaces, database applications and the creation of dynamic
websites are important.

Their prime responsibility involves controlling and programming test benches within the various research projects. In
this context, the MaTAs regularly deal with new hardware
and current practices in the areas of measurement technology and data transfer, define optimized interfaces and then

Fig. 1: Application for data acquisition and analysis
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The increasing integration of data, control and user feedback thereby offers much potential for future project applications, in particular by linking via local networks and the
Internet as well as by the growing use of mobile devices.

energy concepT for The new e.on erc main building
An innovative and seminal energy concept is implemented
into the new E.ON ERC main building. The project’s goals are
to compute local and global energy data for the building and
to estimate the building’s energy performance.
Climate protection and the finite nature of fossile fuelsupply necessitate efficiency measures in the field of technical
building equipment. Beside the optimization of the building’s geometrics and envelope, an optimal energy concept
is crucial for the energy efficiency of a modern building.
Thereby, energy conversion and distribution, air quality,
lightning and an integrated control strategy have to be considered as a whole.
The energy concept of the new E.ON ERC main building is
based on geothermal energy and heat displacement from
server and LAN rooms in connection with a highly efficient
turbo compressor driven heat pump process. The geothermal field has approximately 40 boreholes, each 100 m
deep. Heat and cold base loads are distributed by concrete
core activation. A sorption-supported air conditioning unit
will provide isothermal fresh air to conference rooms and
CIP-pools. Offices will be equipped with façade ventilation
units, covering peak loads with the supply of cold air during

Fig. 1: Schematic representation of energy fluxes in
the new E.ON ERC Main Building

summer and hot air during winter. Fresh air will be conditioned with heat recuperation and by a four ways heat exchanger. Laboratories will be equipped with active chilled
beams. A gas-fired combined heat and power engine will
provide high temperature heat, which is necessary for the
regeneration of the sorption process and for laboratory
experiments. Two condensing boilers will serve as backup
system.
The building will be equipped with an extensive system for
measuring energy fluxes and thermal conditions (monitoring system). At the same time a thermal building simulation
is set up. This simulation is continuously improved with the
help of the gathered monitoring data. Consecutive optimization of the control strategy and operations modes will be
based on mesurements and validated simulation results.
The building will be energetically and exergetically assessed
and evaluated. Outcoming results will be disseminated and
will serve to the diffusion of modern building energy concepts. Monitored data will be published and promoted, inside the building and via a web service.
Grateful acknowledgement is made for financial support by
E.ON gGmbH.

Fig. 2: Energetic assessment systematics
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poSiTiVe energy buildingS Through beTTer conTrol
deciSionS (pebble)
The goal of PEBBLE is to maximize the net energy produced
(NEP) by buildings through intelligently matching their energy consumption to energy generation. Using a thermal
simulation model for the building an optimisation algorithm
determines the adequate control parameters for an energy
efficient, user comfort maximizing operation mode.
PEBBLE is an international, EU-funded project which aims
to achieve maximal net energy produced for buildings by
using an intelligent control process. The new E.ON ERC main
building will be used as a demonstration building. The challenge of maximizing the NEP of a building lies in the ability
of the building’s control system to make (almost) real-time
decisions under the constraints of unpredictable user-behaviour, occupancy scheduling or weather conditions.
Detailed simulation models for the demonstration buildings
are prerequisites for the building’s optimisation and control
(BO&C) process. The simulation needs to take into account
actual weather data, geometries, building physics, installed
HVAC and energy generation systems, natural ventilation
and user behaviour (occupancy, internal gains, manual
shading). An accurate thermal simulation model must have
a degree of detail that allows a thorough validation, as well
as acceptable simulation durations.

Fig. 1: Goal of PEBBLE

The validation and improvement of the thermal simulation
model will be done through comparison with actual measured data. The data will be provided by a monitoring system, which will be installed during the construction of the
building. Sensors will be used for an extensive monitoring
of all energetic processes. Through the use of touch screens,
users will be able to communicate their thermal comfort
needs.
The BO&C system will be adaptive, meaning that it will be
able to react to inaccuracies in weather forecast or changes
in user behaviour patterns. Such changes can occur as a result of increased energy awareness on the users’ side.
The generality of the proposed methodology affords a universality that transcends regional, behavioural, environmental or other variations. The achieved knowledge of PEBBLE
will lead to advancements in the state-of-the-art for building modelling as well as sensors, actuators and user-interaction and interfacing. As a product PEBBLE can be marketed
to be incorporated in new as well as existing buildings.
Grateful acknowledgement is made for financial support by
the European Union through the Seventh Framework Programme.

Fig. 2: Simulation model of an office space

conTacT
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Dynamic building and system simulation for
CHP utilisation
The future energy supply is based on economic and ecological efficiency. The safekeeping of the heat supply is not sufficient in prospective energy concepts. Beside heat electricity and cooling have an increasing impact and the supply
concepts are no longer closed for single houses but they are
integrated in a grid.
For the dimensioning, design and revision of future energy
concepts with optimised systems for combined heat and
power generation (CHP), a simulation program is necessary
which is able to consider all relevant system parameters
and to represent especially the dynamic system behaviour.
Especially against the background of smart grids and the
combined heat and power generation with changing feedin and discharging tariffs a simulation over 24 hours up to
one year is a necessary instrument. The simulation gives
information about the feasibility and cost-effectiveness of
the concepts.
With the combined building and system simulation in the
programming language Modelica the systems can be designed and optimized for the integration in upcoming
smart grids. The systems engineering can be evaluated for
the energy consumption and economic efficiency. Within

the modelling the systems engineering for single houses
can be expanded to innovative energy concepts for whole
districts.
Existing models and the further development of models
for the energy supply with innovative technologies are
validated with measurement data from the primary energy
house of the Gaswärme-Institut. During the project different systems for heat and power production are installed.
The measured data are the basis for the simulations with
the integration of different user profiles.
Through the development of a program interface with a
parameterisation of the building and systems installation,
fast conclusions on optimal technologies for different applications can be drawn and different scenarios for future
energy concepts can be analysed.
Grateful acknowledgement is made for financial support
by German Technical and Scientific Association for Gas and
Water (DVGW).
This research is performed in close collaboration with Gaswärme-Institut e.V. Essen and the Institute of Thermo-Fluid
Dynamics, TU HH.

Fig. 1: General configuration of a CHP heating network
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invEstmEnt oPPortunitiEs for EnErgy EfficiEnt
Buildings
To minimize the buildings energy demand and emissions of
pollutants different kinds of energy systems and building
constructions compete for the available capital. The main
aim of this study is to define optimal investment strategies
for residential buildings to enhance its energy efficiency.
In Germany, about 30 % of end energy demand is consumed
by heating of buildings. Thus, this sector is especially important for reducing the total energy consumption and
CO2 emissions as well as other pollutants. By the energetic
optimization of residential buildings different architectural
and technical measures compete for the available capital.
In this study, different technical and constructional building
improvements will be compared based on available data
from field measurements and advanced calculation methods. The main goal of the project is to find the optimal investment strategy to lower buildings energy demand and
emission levels.

Thus, 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 a
comparison between different investment strategies concerning the energy system and buildings envelope will be
analysed. Based on the comparison of constructional and
technical measures a guide with action recommendations
for different building types will be provided for residential
buildings.
Grateful aknowledgement is made for financial support by
E.ON Ruhrgas AG.

In a first phase of the project different heating systems will
be compared in regard to energy consumption, emission of
pollutants and costs. Therefore an existing calculation tool
of E.ON Ruhrgas AG was updated and enhanced providing
energetic and environmental assessment of various heating systems. Based on an energy balance approach the tool
calculates characteristic values for typical heating systems.
In a second step the tool was reprogrammed in a concept
adviser running as an internet-application as shown in figure 1. It provides a home energy guide for private investors
including new technologies as gas heat pumps and combined heat and power generation.
In the second phase of the project the web-application will
be extended to calculate the decrease of the energy consumption and the CO2 emissions by enhancing the buildings
envelope. Simple static energy balance approaches calculate the interaction of different measures inexactly.

Fig. 1: Screenshot of the web-based concept
adviser

contact
Dipl.-Ing. Alexander Hoh

78

Research: Project Descriptions

T +49 (0)241 80 49766
F +49 (0)241 80 49769
ahoh@eonerc.rwth-aachen.de

smartPhonE aPPs for EnErgy EfficiEnt Buildings
and indoor climatE
Smartphones provide beside the usual mobile phone features the possibility to extend their functionality with additional applications („apps“). In the field of energy efficient
buildings and indoor climate several such applications are
imagenable: mobile control and monitoring of indoor climate as well as energy consulting tools.
The Institute for Energy Efficient Buildings and Indoor Climate (EBC) develops apps for iOS, the system software
that runs on iPhone, iPod touch and iPad. The apps provide
features for the mobile control and monitoring of indoor
climate and assistance for energy consulting. Overall the
EBC strives for apps with user-friendly interfaces. The user
enters the data via the Multi-Touch interface into an iOSdevice. Standard system-provided elements (e.g. the common navigation bar) are used for the design of the app;
users are familiar with them from the built-in applications
on iOS-devices. As a key technology web services are used
to create a client server architecture. Parts of the code can
be installed on a server and used by multiple clients (e.g.
different smartphone-apps) remotly through standard internet protocols.

Fig. 1: Control of room temperature (l) and monitoring
of data (r)

The institute is working on an interface to communicate
with indoor climate equipment via iPhone. The app will
contain the feature to control indoor climate components,
e.g. set points for the room temperature in several rooms
of a building (figure 1). Relevant monitoring data, such as
engergy data, will be visualised graphically. This application
is going to be used in the new main building of the E.ON
Engergy Research Center.
The EBC is developing another iPhone-app for the evaluation of investment opportunities for energy efficient residential buildings (figure 2). Users can enter information
about their building (e.g. year of construction) and heating
system (e.g. energy source) via iPhone. Based on this input
the tool can evaluate the optimal heating system that optimises a chosen characteristic data (e.g. running costs). System comparisms can be done as well. The complex calculation routines will be installed on a server as an application,
so that they can be used by different applications through a
Web Service interface.

Fig. 2: Overview of evaluation results
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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 buildings designed before the 1970s.
Many cities have historical or, at least, very characteristic
buildings that provide an architectural identity for the inhabitants. These buildings are particularly significant in terms of
improving energy efficiency and meeting necessary emission
reductions. The main focus of this research project is to provide energy concepts for the historical buildings of Aachen
with regard to current and future energy infrastructure.
The city of Aachen, with its ancient monuments and buildings, is the epitome of a historical city. Contributing significantly to the life quality of the inhabitants, the external image of the city also influences enterprises to locate their
businesses in Aachen and affects overall tourism in the city.
An opinion poll of ca. 500 citizens of Aachen has clearly
shown that conservation of the historical value of the
buildings can also be captured qualitatively. In this regard,
a questionnaire has been developed, whereby the respondents gave their own school marks to building typology and
buildings’ details such as materials, stucco or type of windows.

The idea of quality of buildings can indeed be linked to a
learning process and can change over the various epochs.
Despite changing trends over time, the concept of ‘quality’
should never be misconstrued concerning an integral approach for an energy-efficient city. With regard to restoration, the incorporation of quality and of the individual histories of buildings leads away from using standard calculation
tools but rather towards a so-called “retrofit matrix”.
A qualitative classification is required for evaluating the
various operating strategies. The developed retrofit matrix
is organized with respect to primary energy savings, the
reduction in CO2-emissions, investment costs per saved
kilowatt-hour, and time of amortisation. These parameters
can be derived in all energy-relevant sectors so that a total
evaluation can be made. Thus, a balance between the individual retrofit measures can be realized.
Grateful acknowledgement is made for financial support
by BMBF (German Federal Ministry of Education and Research), promotional reference 03SF0370.

Evaluate the typical details of the fac˛ade following your personal asthetic gusto

Fig. 1: Details of the questionnaire

CONTACT
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eaSe – energeTic upgrading and urban deVelopmenT
Within the research project the investment decisions of private property owners, concerning possible enhancements of
energy efficiency, as well as the effects of possible government intervention to promote energy-efficient urban restructuring, are examined.
The building stock in Germany comprehends around 17.3
million residential buildings in 39 million housing units,
seventy-five percent of which have been built before 1979.
Especially in this building stock there is a significant energy
saving potential.
The discussion about energy-efficient cities is predominated by a technical point-of-view. Economic interdependencies and side effects as well as urban structural boundary
conditions are often treated inadequately and leave open
questions in the debate on energy-efficient urban redevelopment.

The aim of the project is to develop proposals on whether
and how the funding policy can reflect the specific local
spatial conditions. In addition a database on energy efficiency of cities should be build.
As part of an interdisciplinary collaboration between the
Leibniz Institute of Ecological and Regional Development
(IOER), the Halle Institute for Economic Research (IWH) and
the E. ON Energy Research Center the aforementioned research fields will be examined in details.
The Institute for Energy Efficient Buildings and Indoor Climate contributes to energetic and exegetic calculation and
assessment approaches. Further research will be done in
the corresponding cost estimates for different retrofit options in building design and engineering systems. The results can be used in refurbishment measures for residential
housing.
Grateful acknowledgement is made for financial support by
Leibniz Scientific Community.

Fig. 1: Exemplary urban district

Fig. 2: Logo

Based on this background, the project should examine the
links between local housing markets, urban space, infrastructural development and public support. Here, the focus
is on structural and technical measures to reduce energy
consumption of residential buildings.

conTacT
Dipl.-Ing. Katrin Ansorge
T +49 (0)241 80 49797
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eValuaTion Tool and reTrofiT maTriX for office
buildingS
The goal of this project is a simple system independent
software tool to enhance building energy efficiency. The approach of a retrofit matrix provides an overview which retrofit solution for the building are technically possible and
energetically and ecologically worthwhile. This project is undertaken in cooperation with FCN.
As a consequence of the Kyoto protocol and the required reduction in CO2 emissions, huge efforts must be made in the
future to conserve high quality, or primary energy resources.
A new dimension will be added to this problem, if countries
with fast growing economies continue to increase their
consumption of fossil energy sources in the same manner
as they do now. Even though there is still considerable energy saving potential in the building stock improving the
building envelops. Most studies have been focused on the
heating energy consumption of residential buildings. This
study will focus on office buildings because these buildings
need approximately 10 % of the final energy in Germany.
Office buildings offer a wide range of different retrofit measures. The first step to enhance the energy efficiency of an
existing office building is a detailed analysis of the existing energy data. Most office buildings use advanced building management systems to guarantee stable operation
conditions. These systems store relevant operation data at
manufacture defined file formats. The project shall provide
an interface for the most common data file format to convert all energy and state data to a universal data file format. Based on this file format an evaluation tool will print
and evaluate buildings energy performance. Advanced data
mining routines shall give a fast check on basic energysaving potentials.

The second phase of the project includes a detailed analysis of different retrofit options for the building’s envelope
and its supply system. A matrix of retrofit measures will be
derived to indicate possible pathways enhancing buildings
energy efficiency. The matrix includes all measures, potential energy and CO2 savings, cost estimates and additional
information including special user demands and internal
building ratings.
Both tools will provide guardians for building stock owners
to find the best option for a budget limited retrofit process.
Grateful acknowledgement is made for financial support by
E.ON gGmbH

Fig. 1: Scheme of both tools

conTacT
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fiEld study of diffErEnt rEtrofit solutions 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 already realized, accompanied by extensive monitoring
and simulations.

For the evaluation of the effiency of each retrofit solution
a high resolution monitoring system for rooms, apartments
and engineering system (heat production, storage, distribution and delivery) has been installed. In each room, for example, a monitoring module collects the relative humidity,
window opening, CO2 and VOC, the temperature of the air
inside the room, outside the room and supplied to the room.
Grateful acknowledgement is made for financial support by
BMWi (German Federal Ministry of Economics and Technology), promotional reference 0327400G.

In this project six different retrofit solutions are realized and
compared to the standard retrofit model of the Volkswohnung. Each retrofit solution is realized for ten apartments,
therefore it becomes possible to evaluate the user-behavior.
In the course of the working process both static and dynamics calculations have to be executed. The evaluation of the
results demonstrate how, depending on the retrofit solution, primary energy savings up to 90% are possible.
The better the building envelope is insulated, the more becomes important to realize a heat bridge reduction or even
a heat bridge free building structure. For the analysis of the
thermal and energetic performances of the buildings, the
heat bridges of the buildings have been calculated through
the Finite Element Method. All the results will be published
in a heat bridge atlas.
The dynamic simulations of the buildings and the engineering systems will be realised using the programming
language Modelica. Thanks to the object oriented feature a
structured combination of each module makes the modelation of the apartments, the building and the engineering
system easily possible.

Fig. 1: Screenshot of a model of one apartment
realized in Dymola
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New Technologies for District Heating Systems
Applying Cogeneration Units
District heating systems and combined heat and power
units will be one of the important key technologies to decrease the primary energy demand of the building stock.
This preliminary study aims to identify new research areas
for combined heat and power units as well as the associated
district heating system (DHS).
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. Cogeneration 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 which cannot be converted to a high insulation standard at reasonable cost.

First simulation results for a cogeneration-supplied district
heating system show heat-led operation with a central storage to be the most energy efficient variant. Results also
emphasize the importance of a management strategy for
distributed storages in order to reduce network runtimes
and losses. Even a simple synchronized storage charging,
which could not yet be simulated with our model, is expected to significantly improve results for the distributed
system variant.
Grateful acknowledgement is made for financial support by
E.ON gGmbH.

The study includes a summary of European regulations regarding cogeneration units and energy/exergy performance
rating of buildings. It also addresses 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 enhance the heat transport
capacity. Finally, cooling applications in residential buildings
are examined as they open new opportunities for CHP-supplied heating systems during summertime.
The relative benefits of possible measures, for example lowcost, low-insulation piping or best-point operation in combination with storages are achieved via system simulation
in Modelica. The model allows simulating the operation of
a cogeneration supplied district heating system for various
network configuration and community structures. Figure 1
shows the calculated equivalent primary energy factor for
different system variants.

Fig. 1: Primary energy factors calculated from simulated data of different DHS system variants. fPE,gas=1.1;
fPE,el = 2.6
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analysis of domEstic hEat PumP systEms
Heat pumps offer the potential to save primary energy compared with standard heating systems. A requirement therefor is a high efficiency of the total heat pump system which
is hard to achieve especially in existing buildings.
The field test of the E.ON Energie AG, operated through the
Fraunhofer Institute for Solar Energy Systems evaluates
heat pumps in existing buildings. The field test data is available for further analyses.
On the one hand the current state of heat pump systems
is shown with the help of the field test data. The data indicates the conditions in which heat pumps operate in praxis.
The field test data also serves as validation data for simulation models. For this purpose, model components are subjected to time series from the field test. The behaviour of
the model component can be compared with the behaviour
of the real component.
The simulation of complete systems with heat source, heat
pump, storages and the building allows a broad understanding of the performance of heating systems that contain heat pumps. Particular parameters can be varied under
the same boundary conditions. This is an advantage to the
field test in which effects are often not separable from each
other.

Fig. 1: Scheme of a bivalent heat pump system

Numerical studies consider various heat sources, storage
sizes and building insulation standards. In addition to that
different concepts of control can be analysed. Optimized
heat pump systems are investigated, too. In this context the
evaluation of bivalent systems has to be mentioned. Simulations showed that in buildings with low insulation standards heat pumps often have low efficiencies, especially
using air as heat source. That was verified by the field test
results for air-to-water heat pumps in existing buildings.
Bivalent systems combine air-to-water heat pumps with
existing gas boilers in residential buildings (see figure 1).
Within these kind of systems, the heat pump only works,
when boundary conditions are favourable for its efficiency.
They achieve savings in primary energy demand compared
with standard boiler systems, both in buildings with low
and high insulation standard (see figure 2). For pure air-towater heat pump systems, savings can’t be guaranteed in
every heating system installation.
Grateful acknowledgement is made for financial support by
E.ON gGmbH.

Fig 2: Primary energy demands of the reference systems boiler (B), heat pump (HP) and of the bivalent
system (Biv)
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hardwarE in thE looP tEst BEd for homE EnErgy
systEms
Future homes need an innovative energy management and
advanced heat generation technologies such as electrical
heat pumps. A smart energy control on the demand as well
as on the electrical grid side will be one of the important key
technologies to decrease primary power consumption of the
building stock and to equalize load profiles on the low and
medium voltage grid.
In order to close the gap between field studies and simulations a new Hardware-in-the-Loop (HiL) test bed should
be designed and developed, where the new home energy
system in simulated environments account for different
homes, users and grid connections can be examined. With
fast controllability and total measurability the HiL approach
can provide an ideal lab environment for verifying new control strategies and extracting load profile of a home energy
system. It will represent an innovative platform where electrical and mechanical engineering questions can be solved
at the same time.

hydraulic systems and energy sources, which are modeled
in the object oriented modeling language Modelica. The
I/O units with control algorithms are well implemented in
Labview. An interface is therefore developed in order to exchange the real-time data exchange between Labview and
Dymola. In this test bed both primary and secondary heat
sink will be simulated in Modelica according to the measured sensor data. The control system in Labview adapts
the heat sinks to the simulated profiles. In cooperation with
ACS and PGS this HiL set-up will be then coupled with an
electrical grid including a micro combined heat and power generation unit, which allows a closed loop emulation
process with various heat sources and a total home energy
management system.
The constructional design of hydraulic parts for the test bed
has been finished in Solidworks (Figure 2). It includes internal
heating/cooling circulations, which serve as heat sources and
sinks and exchange heat with external heating/cooling devices. The four fast controllable and measurable hydraulic circulations allow the diverse hydraulic connections among different
hydraulic components. The new test bed will run test cases under various boundary conditions under a multiprocessor computing system with a real-time kernel in order to couple electrical and mechanical systems and to cover real-time simulation.
Grateful acknowledgement is made for financial support by
E.ON gGmbH.

Fig 1: Scheme of HiL-Simulation

The scheme of a HiL set-up for typical electrical heat pump
system can be described in Figure 1. A typical ground source
is simulated and realized by absorbing heat from a heat
supply in laboratory according to the simulation. With an
air-conditioned chamber an air/water heat pump can also
be tested. The real hardware, such as the heat pump, the hot
water storage and the buffer storage, the hydraulic test bed
as well as the controller will be integrated into a simulated
environment including the building models with thermo

Fig 2: Hydraulic test bed in Solidworks
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eXergy analySiS of office buildingS wiTh
geoThermal SySTemS
Recently the term “LowEx” has been established in the building sector to describe buildings with low exergy demand.
LowEx buildings use environmental energy to reduce exergy
demand and improve efficiency. This project considers the
exergy evaluation and exergy loss processes in buildings and
their energy systems.
Exergy is the amount of work a system can produce while
transferring into thermodynamic equilibrium. Therefore exergy provides a thermodynamically based rating of energy
sources. In this project, the exergy characteristic figures of
the building and their installations will be studied by analyzing the exergy demand and the exergy loss mechanisms
in the system.
The reduction of the exergy demand of heating and cooling
systems can be achieved by efficient heating and cooling
generation (e.g. heat pumps), by the use of available temporal or spatial temperature potentials, by storage as well
as by heat exchange processes with low temperature difference. The exergy balance of a heating system is shown
in figure 1. The exergy losses can appear at different levels.
The distribution losses may rise for low temperature heating system due to high pressure drops leading to a high

Fig. 1: Exergy balance of a heating system

electrical energy consumption of the pumps. Figure 2 shows
exergy losses of different energy systems supplying a building.
We are collaborating in a building monitoring project arranged by the Fraunhofer Institute for Solar Energy Systems
and industrial partners. The overall simulation of a monitored office building with a geothermal heat pump, concrete core activation and an air conditioning system with
heat recovery will be constructed using object oriented
language Modelica. Measured data will be used for the validation of the generated models. The obtained simulation
results will be then incorporated in developing a dynamic
exergy analysis of the system.
The developed models will be released as open source libraries. These Modelica libraries will provide a consistent
modeling tool for the thermohydraulic behavior of the
building and HVAC installation.
Grateful acknowledgement is made for financial support by
BMWi (German Federal Ministry of Economics and Technology), promotional reference 0327466A.

Fig. 2: Exergy losses of different building energy
systems
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latEnt hEat storagEs and solar collEctors for
hEating systEms
Modern heating systems use very low input temperatures. In
this temperature range of approximately 35 °C it is possible
to use low temperature storages. This existing technique
ought to be optimized by using latent heat storage devices
and solar thermal collectors.
In this project the combination of solar thermal systems
and latent heat storages for residential heating systems is
analyzed. The thermo hydraulic behavior of overall systems
is simulated. The first picture shows the set-up of an overall
system.
The solar radiation on the solar collector system is not constant over the year and it differs in a huge range. An analysis of the solar radiation shows that it is possible to use
the solar energy for the benefit of the heating system from
March to May and from August to November.
For the overall system simulations a solar thermal collector
model and a latent heat storage model has been implemented. In the collector model the form, number of collectors and
their interconnection can be chosen. Furthermore there are
parameters like the geographical position, geometrical data
and slope angle. For the latent heat storage device two different models have been implemented. One uses functions
to describe the specific heat capacity and the other one has
a look up table inside. With the help of measurements the
latent heat storage model will be validated.

Fig. 1: Overall system

On the second picture the results of three different systems
are shown. The first system exists of a heat pump and buffer
storage as reference or latent heat storage with different
masses of the phase change material (PCM). The combination with the latent heat storage reduces the primary energy demand in comparison to the system with the buffer
storage. In the second case a solar thermal collector is added. The results show that it is possible to reduce the primary
energy demand by using solar collectors. The last system
consists of a boiler, latent heat storage and solar thermal
collectors. The benefit of the combination with solar and
latent heat storage systems can be seen.
The potential of the integration of latent heat storages and
solar thermal systems can be shown. In all systems the primary energy demand can be reduced in regard to the reference systems.
Grateful acknowledgement is made for financial support by
E.ON gGmbH. This research is performed in close collaboration with TROX GmbH.

Fig. 2: 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
energy 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.

The use of friction-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.
Grateful acknowledgement is made for financial support by
BMWi (German Federal Ministry of Economics and Technology), promotional reference 032747 1B.

A water-paraffin emulsion will be studied as a cooling or
heating medium and as a repository for large-scale water
storage systems. Replacing water, the applied emulsions
will lead to a higher energy storage capacity. 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 particlesize distribution of the small paraffin droplets as shown in
Figure 1.
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 these
drops may be reduced with less hydraulic effort.

Fig. 1: Paraffin water emulsion for latent
heat storage
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EnErgEtic Evaluation of watEr BasEd and ElEctric
hEating systEms BasEd on EnErgEtic numBErs
In Germany, energy conservation regulations for buildings
require high insulation standards for both residential and
office buildings. Ventilation losses and the influence of inner
and outer heat loads grow, whereby a higher dynamic of the
heating demand of the building occurs.
State-of-the-art heating systems include a heat generation
unit, a storage system, a hydraulic network and controllable
radiators or floor heating. All basic functions of these systems are linked to technical losses as undesired heat fluxes
or auxiliary energy demand. Due to a decreasing efficiency
of very small heating systems, the importance of technical
losses grows dramatically for energy-efficient buildings.
Therefore, alternative heating concepts including purely
electrical systems are to be considered.

Fig. 1: Energy demand development in a building

By thermal building simulation different heating installations and operation systems for office buildings are considered and the sections of the heating system like control
and emission, distribution and generation are evaluated by
means of energetic numbers. The used energetic number is
the effort number, which sets the ratio of energy demand
of the considered system to the energy demand of an ideal
heating system. The considered electric heating device is
installed directly as wall paper. Due to the high responding behavior, heating energy needs only be provided when
required.
For different user scenarios, the effort numbers of the sections of the heating system are calculated and ordered over
the yearly mean value of the relative heating load. A data
base for future evaluations is generated. Knowing the energy demand of a building, the appropriate heating system
and operation system can be chosen.

Fig. 2: Simulation model of an office room with its
hydraulic network
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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. To verify the concepts, a test bench will
be set up as “Hardware-in-the-Loop”-system and a field test
will be conducted.

Grateful acknowledgement is made for financial support by
BMWi (German Federal Ministry of Economics and Technology), promotional reference 0327387D.

The adaptive system should learn to adapt the heat emissions to the occupant’s requirements by determining a
time-resolved temperature program for every individual
room. The adaptive control should reduce the energy loss
while ventilating the room or when the occupant is absent.
The user can give feedback and match the heat emission
to the desired temperature level within a simple interface.
A “Hardware-in-the-Loop” (HiL) test bench will be set up
to determine different control strategies for the adaptive
system. The test bench will resemble a complete thermohydraulic system with reduced required space. Figure 1
shows a typical air flow in a room while heating. The HiL
test bench will mimic the dashed cutout of the room as a
small-sized model room. The boundary conditions for airand wall-temperature will be simulated, using the modelling language „Modelica“. Measured data like the radiator’s
heat emission will be used as boundary conditions for the
thermo-hydraulic simulation.

Fig. 1: Air flow in a room while heating

First, only a single model room will be set up to test the principle of the HiL test bench (see figure 2 for a scheme). The
results of the model room can be verified with additional
measurements made in a real-sized room test bench. After
verification, several of the model rooms will be connected
through a real-sized hydraulic net to emulate a flat or whole
building.
A final review of the developed concepts will be made in a
field test in a residential building. This field test will be conducted in close cooperation with ista International GmbH.
Fig. 2: Scheme of the “Hardware-in-theLoop” test bench
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Hybrid Ventilation Systems for School Buildings
Thermal comfort and indoor air quality affect learning conditions in schools and therefore a good indoor climate is an
essential value for school buildings. Hence, this research
project develops a hybrid ventilation system that combines
an automated natural and mechanical ventilation strategy
designed as a retrofit solution for school buildings.
Field test measurements are being performed in a school
building in Berlin. A comparative study of two different ventilation systems is running in two classrooms next to each
other. One classroom is supplied with the newly developed
hybrid ventilation technique, in the other room pure natural
ventilation is used to supply pupils with fresh air. As a rating
for the indoor air quality CO2-concentrations are measured
constantly. Figure 1 shows a comparison of the frequency of
the mean CO2-concentration in both rooms during winter
term in 2009/2010.

The concept of the decentralized ventilation unit used in
this project aims for a scalable compact design with minimal power consumption and minimal investment and operational costs. Due to the new fan design the impellor
itself acts as the heat recovery device and therefore, a bypass cannot be included. In order to prevent overheating in
summer and to recover as much heat in winter an optimal
coefficient of heat recovery must be used.
Figure 2 displays simulative results for the net energy demand for heating and cooling of a school room in Germany
for three different target climate qualities as defined by DIN
EN 15251 (I = best quality). Depending on the system energy
effort factors for heating and cooling the optimal heat supply rate (HSR) of the system will shift since the curves will
scale accordingly. Higher system effort factors for cooling
will result in a lower HSR and vice versa.

The reduction of the heating energy demand in buildings in
colder climates stays in contrast to an increased ventilation
rate as it is necessary for improved air quality. Using mechanical ventilation it is possible to recover energy of the
extract air by means of heat recovery units. However, large
coefficients of heat recovery can have a negative effect in
the transitional seasons and in summer when the full cooling potential of the outside air should be used. Therefore,
a bypass control is integrated in most ventilation systems.

Grateful acknowledgement is made for financial support by
BMWi (German Federal Ministry of Economics and Technology), promotional reference 0327387D.

Fig. 1: Histogram of the CO2-Concentration in winter
term

Fig. 2: Net energy demand for heating and cooling vs. heat
supply rate of the system

This research is performed in close collaboration with Wildeboer Bauteile GmbH.
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Energy efficient computer centre
An actual challenge for computer centre and the IT-area is
the harmonization of the increasing heat loads with the requirements of energy-conscious and efficient handling of airconditioning concepts. Modern air-conditioning concepts use
a direct rack cooling.
Computer centre run 365 days per year. Their server racks
produce more and more computing power on decreasingly
floor area – power which is transformed almost completely
into heat and requires obligatory a climate control. Thereby
the consumption of electricity for the air-conditioning takes
a considerable percentage of the total consumption of electricity. An area which has a great potential for energy saving.
For the energy efficient operation an accurate designed air
distribution is necessary. A first step is a consequent zoning
into a cold and a warm corridor which supplies the cold air
to the front of the racks and exhausts the warm air from the
room at the back side. In many cases this defined cooling on

the level of whole rooms is no longer sufficient and warm
air is sucked back to the cold side. Sidecooler make a direct
constructional separation possible. In this case an air-water
heat exchanger is added to the side of the serverracks. The
air flow is distributed from the side into the rack and should
be distributed uniformly over the whole height.
Recent studies at the institute analyse the cooling power of
different sidecooler experimentally. Tracer gas experiments
determine the coverage of the exhaust air from the servers.
An alternative concept to the introduction of chilled water
coils into the cabinets is the cooling with CO2. In a water
system with flow/return of 6/12°C, 1 kg of water absorbs
25.2 kJ of heat. The evaporation of 1 kg of CO2 absorbs seven
times more heat — 182 kJ. In case of leakage CO2 has the
additional benefit that it is electrically benign. For further
investigations the test facility will be upgraded with a CO2
circuitry.
Grateful acknowledgement is made for financial support by
Heinz Trox Foundation.

Fig. 1: Cooling systems for computer cabints

Fig. 2: Percental consumption of electricity in
computer centres
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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 modeling processes in room airflows are examined experimentally.
Room airflow structures have been investigated only marginally until today. Rom airflows are mostly dominated by
mixed convection, which is hard to describe theoretically.
An often observed phenomen in room airflows is the occurrence of transient airflow structures at higher internal
thermal load levels.
A new test facility for room airflow has been built up to
investigate the development of airflow structures. The test
chamber is 5 m long, 4 m wide and 3 m high. Special slot
diffusers are installed directly under the ceiling in order to
provide well defined wall jets. The outflow is situated near
the floor.
The thermal loads inside the test chamber are realized by
electrically heated cuboids and can be varied between 0 W
and 6000 W. The construction of the test facility provides
forced convection in the upper part of the room due to the
supply air jets and free convection at the walls of the heat
sources.

Fig. 1: Test facility

The velocity field in the room will be measured with the aid
of omnidirectional anemometers in a rectangular grid. The
output of the sensors is the speed of the local velocity vector. The temperature field inside the room will be measured
by platinum resistance thermometers. The sensors are positioned automatically in the test room with a traverse. The
main focus of these experiments is to capture transient airflow structure effects. Therefore, each particular measurement lasts approximately 30 minutes at each position.
All walls are made of aluminum to minimize radiation heat
transfer effects. All boundary conditions of the experiment
are documented during an experimental run. Hence, sufficient data is generated for the following numerical calculation of the airflow.
Measurements of the supply diffusers show an equal distribution over the length of the inlets. The first series of
measurements inside the test facility is made at isothermal
conditions. The inlet velocity is 1.5 m/s. The supply air jets
are bound to the ceiling until both jets merge to form one
transient jet structure yielding downwards to the occupied
space.
Grateful acknowledgement is made for financial support by
DFG (German Research Foundation).

Fig. 2: Temperature and velocity sensor
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Room Airflow Effects Applying Unsteady
Boundary Conditions
Achieving thermal comfort and effective ventilation are important objectives when constructing modern supply systems. The thermal comfort is influenced by large scale room
air structures. The transient behaviour of these room air
structures has been investigated only marginally until today.
A new experiment ought to provide new data of the transient behaviour of large scale flow structures in ventilated
rooms. The test facility is 3 m high, 4 m wide and 5 m long.
All walls are made of aluminium to minimize radiation heat
transfer effects. The air supply is located at the ceiling over
the whole length of the test facility. Special slot diffusers
are used as inlets in order to provide well-defined wall jets.
The outlet air leaves the room at the bottom zone. With the
aid of volume flow controllers in front of each inlet it is possible to vary the supply volume flow e.g. with a sine wave as
control signal. Hence the flow rate of the supply air can be
varied temporally.
The room airflow structures are examined experimentally
for isothermal and non-isothermal boundary conditions
as well as for stationary and transient supply volume flow
(sine wave). In the non-isothermal case the thermal loads
are realized by electrically heated cuboids. The velocity field
in the room is measured with the aid of omnidirectional ve-

locity probes. The temperature and velocity sensors are positioned automatically in the testing room with a traverse
system.
Besides the measurements CFD simulations with the k-w
Baseline Model give information about room air structures.
The comparison of the measurements with numerical calculations shows similar results.
For stationary boundary conditions the supply air jets are
bounded to the ceiling until both jets merge to one transient jet structure yielding downwards to the occupied
space. Resultants there are two large vortices on the left
and on the right side of the test facility. In the case of unsteady boundary conditions the jet moves from the one side
of the test facility to the other. Hence the mean velocity in
the test facility is lower and the two large vortices cannot
be found.
The experimental study shows the possibility to avoid temperature stratification in rooms by using an unsteady boundary condition for the supply air.
Grateful acknowledgement is made for financial support by
FLT (Forschungsvereinigung für Luft- und Trocknungstechnik).

Fig. 1: Mean velocity for isothermal boundary conditions at steady (left) and unsteady
supply volume flow rate
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Investigation of large-scale room air flow
structures by using the 3d ptv
Even though many experimental studies have been done to
get more information about room air flow structures it is not
possible to give an outlook about the transient and turbulent behaviour of these structures until today. The 3D-PTV is a
measurement method which is able to give detailed spatial
and temporal characteristics of air flow structures.
Complex flow structures in rooms can be visualized by using
density-neutral soap bubbles. Information about room air
structures can be determined by tracking bubble pathways
with optical measurement techniques.
For analysing room airflow structures it is necessary to measure and visualize wide areas and large enclosures. As particles helium-filled bubbles are used. Due to their low density
and small size, these bubbles can be used to follow the air
flow almost without mass inertia and can still be recorded
well by digital cameras.

The 3D PTV technique is especially suitable for investigating large-scale flow patterns in large rooms. The system is
based on a four-camera image recording system, a full-volume illumination and tracer particles. The flow for 3D PTV is
seeded with a medium particle density. The observation volume is illuminated uniformly and a calibrated multi-camera
system continuously records the tracer positions.
From the recorded and analysed long-term particle trajectories further important data of room air flows will be calculated.
Grateful acknowledgement is made for financial support by
DFG (German Research Foundation).

Today, there are many flow measurement techniques. Omnidirectional velocity sensors and the Laser-Doppler-Anemometer provide high spatial and temporal resolutions. But
those are limited to punctual measurements. Hence, these
measurements are unable to capture the instantaneous
flow pattern. The particle image velocimetry (PIV) and the
particle streak tracking (PST) enable measurements only in
plane, not in volume.
For the three dimensional and time dependent analysis of
indoor air flows the three-dimensional particle tracking velocimetry (3D-PTV) technique was developed and used in
first validation measurements at the Technical University
of Ilmenau (Barrel of Ilmenau). This measurement method
gives detailed spatial and temporal information about room
air flow structures and will be used in a new test facility in
Aachen (“Aachener Modelchamber”).
Fig. 1: Barrel of Ilmenau with the camera
system and the illumination unit
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Sensor System for Thermal Comfort and Air
Quality 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 to
estimate the average indoor conditions in both field and
laboratory studies. In practice, comfort measurements in
buildings are very difficult because of inhomogeneous conditions and varying boundary conditions. Rating buildings
in terms of energy efficiency and comfort requires a robust
method for comfort field studies.
The aim of our work 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. We have

Fig. 1: CO2-sensor for measuring of airquality

built a new Wireless Sensor Network (WSN) that achieves
our technical goals. The Network uses sensor nodes that
identify the attached sensors and create an ad hoc network
to send data regardless of their placement.
Using a radio network leads to special requirements for the
sensors. All sensors have to be inexpensive and as energyefficient as possible in order to finance a huge number and
enable long-term measurements on a limited battery capacity of lighting parameters, air quality and thermal comfort parameters.
In order to evaluate air quality, the EBC develops ancillary
criteria about intensity and acceptance of odour by human
panels. The results of these studies enable the choice of air
quality sensors.
The EBC tests common sensors and develops new feasible
measurement techniques, if the range does not meet the
demand of the WSN. Based on detailed calculations of different room airflows, a reasonable accuracy level and spatial distributions of the sensors have been defined.

Fig. 2: Temperature field in a simulated conference room
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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, the air distribution, the thermal comfort and the required energy can be assessed to evaluate the
efficiency of new climatisation concepts.
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 (climatecontrol system, multimedia or navigation instruments) will
change in the future. For conventional drive-trains, the required heat capacity is made available by the use of the
waste heat of combustion engines. This heat capacity, however, has to be provided separately upon using an electric
engine that works significantly more efficiently. Every kilowatt-hour used for the HVAC system diminishes the range
or requires the early use of a range extender.

By using the model, direct conclusions about passenger
comfort 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.
Grateful acknowledgement is made for financial support by
Continental AG.

Thus, the aim of this research project is to investigate more
energy-efficient climate-control systems without compromising thermal comfort of passengers. To realize this task,
a simulation model of a car interior cabin has been programmed in the programming language Modelica which
allows very accurate calculations of the airflow pathways
as well as of the resulting energy demand for the chosen
boundary conditions.
For the modeling of the airflow within the cabin, measurement data are used to determine several parameters such
as heat-transfer coefficients as well as the volume flow rate
and temperatures of the inlets on different setups of supply air and ambient temperatures. The airflow within the
cabin, i.e. the transport of the air from one region to another,
is modeled via transport models. These are parameterized
using CFD (Computational Fluid Dynamics)-simulations regarding the various characteristic boundary conditions.

Fig. 1:

Fig. 1: Thermography image during a measurement
of the heat transfer through the roof of a test car
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Comfort modelling in complex environments
Thermal comfort models allow to assess the thermo-physiologic interaction of a human body with its environment
in terms of feeling cold, neutral or warm, comfortable or
uncomfortable. Global models only consider the complete
thermal state, whereas in most indoor environments local
models are necessary which hold for certain body parts and
resolve local effects.
Buildings are currently designed to achieve comfort by creating static, uniform interior environments. In reality we
know that neither indoor environments nor building occupants are static, and that the thermal environment experienced by an occupant in a building is often quite complex. In
addition, new approaches to building conditioning require
an advanced understanding of how occupants respond to
thermal sensations in indoor environments. Beside buildings thermal environments in vehicle compartments are
non-uniform. Even if the air temperature distribution in the
compartment is relatively stable, the temperature near the
floor or ceiling may differ considerably from that in the central area of the passenger compartment, and the passengers are continuously exposed to localized airflow or local
effects of solar radiaton.

The main objectives of the thermal comfort studies in the
mentioned environments at the institute are to determine
the conditions and concepts for achieving human thermal
comfort with minimal power consumption. The subsequent
need to study the human body’s response to certain environmental conditions can be achieved by the developed 33
node comfort model (33 NCM). The developed simulation
model of the human body in the programming language
Modelica is sensitive to detailed thermal complexities
around the body. With the resolution of 16 single body parts
and a further subdivision into a core and a skin layer the
model is capable of analysing human thermoregulation and
comfort responses in non-uniform environments. The model
can be used as a stand-alone model or in a coupled mode
with numerical flow simulations. When the 33 NCM runs in
a coupled mode along with numerical flow simulations, the
flow field affects the body temperature which in turn influences the flow structure, so that the thermal body state has
a retroaction on the environment. Figure 1 shows the steps
of a coupled simulation. The local temperature and velocity
field defines a local heat transfer which causes a certain
temperature distribution which can be correlated with a local thermal sensation.
Grateful acknowledgement is made for financial support by
Airbus Operations GmbH.

Fig. 1: Passenger evaluation steps
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thErmal comfort in aircraft cockPits
Thermal comfort is an issue of growing importance in modern aircraft development. The cockpit is a zone of special interest, as bad thermal comfort leads to decreased productivity. Thus, improvement of the thermal environment can help
minimizing risks in aviation due to human failure.
In the last years, emphasis of thermal comfort in aircraft
has widened from research in the passenger cabin only to
more operational regions like the cockpit, galleys and lavatories. Thermal comfort is mainly influenced by the thermal
environment, which is determined by factors like operational room temperature, air velocities and thermal radiation aspects. As empiric analyses are expensive, simulation
tools are used to model and analyse the occupants’ thermal
comfort.

The human response to the thermal environment is modelled with a Modelica®-based in-house code. The model
takes into account the physiological processes of the human thermoregulatory system. Local quantities are imposed on single body parts from the non-uniform thermal
environment simulated with CFD methods. From the variation of the physiological conditions throughout the body
the thermal sensation and comfort are derived.
Complex boundary conditions and physics imply a big challenge to obtain realistic results. Therefore, measurements
will be performed to validate the simulation data.
Grateful acknowledgement is made for financial support by
Airbus Operations GmbH and Fraunhofer IBP.

The conditions of the thermal environment in the cockpit
are obtained by CFD analyses with the commercial code
Ansys CFX®. The flow in the cockpit is naturally time-dependent, turbulent and partially buoyancy-driven. All these effects are modelled, as well as radiation. Capturing thermal
conditions like asymmetric solar radiation, complex geometry and high thermal loads is a challenge to the simulation process, especially with regard to meshing, calculation
time and evaluating the high amount of data.
In figure 1, the calculated age of the air on a cross section
through the cockpit is shown. In the rear region of the cockpit, the air is older compared to the front parts of the flow
region. This is due to the fact that the inlets supplying the
fresh air are located in the occupational zone in the front
part of the cockpit.

Fig. 1: Age of air plotted on a cross section through the
cockpit
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Air Flow Measurements in an Aircraft Cabin
Mock-up
The passengers’ comfort in aircraft cabins is strongly related
to the air flow field inside the cabin. An aircraft cabin mockup is being built up to investigate the air flow field in a cabin
considering different air distribution systems and different
air diffuser designs.
New aircraft ventilation systems cannot be designed only
virtually by simulations due to the complexity of the physics
inside aircraft cabins. Hence, beside the simulations accompanying experiments have to be conducted to validate the
simulation results.
Therefore, an aircraft mock-up is being built up in the test
hall of the institute. With the aid of this mock-up the impact
of different air distribution systems as well as different air
diffusers on the flow field is investigated. The design of the
mock-up is flexible so that the different parts of the cabin
can be changed depending on the diffuser design or air distribution system. Figure 1 shows a CAD model of the mock
up.

Different measurement methods will be applied for the
air flow experiments. The surface and air temperatures are
measured by a total of 65 resistance thermometers. The velocity distribution can be measured with omni-directional
velocity probes as well as with the laser Doppler anemometry (LDA) and particle image velocimetry (PIV). The ventilation effectiveness is evaluated from tracer gas experiments.
Therefore, a special tracer gas measurement equipment is
used which can be applied for very high air change rates
typically occurring in aircraft.
With this experimental setup different measurements are
conducted with different air flow rates, different air distribution systems and different air diffuser geometries. The
experimental results of the different measurements can be
compared and the optimal cabin configuration concerning
thermal comfort and ventilation effectiveness can be identified.

Beside the flexibility of the mock-up the main focus is on the
reproducibility of the boundary conditions. That means that
the surrounding walls are either tempered to a constant
temperature or are close to being adiabatic. The outflow
velocity distribution of the diffuser is measured separately.

Fig. 1: CAD model of the mock-up
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Displacement Ventilation Air Diffusers for
Aircraft Cabins
The passengers’ comfort is an important topic for the aircraft industry. To improve the comfort, displacement ventilation air distribution is considered for aircraft applications
instead of the current mixing ventilation system. Therefore,
displacement ventilation air diffusers have to be developed
fulfilling special aviation requirements.
The importance of passengers’ comfort is increasing more
and more in the aircraft industry. Today’s ventilation systems supply the air with a high momentum and a high temperature difference into the aircraft cabin. This leads to a
mixing ventilation system. For this configuration, thermal
comfort cannot be ensured for every seat because of local
draft risks. Therefore, displacement ventilation is regarded
as an alternative air distribution system.

air flow properties the design of the diffuser has to account
for the small amount of space available, the air flow rate
calibration and the rapid decompression functionality.
The development of the diffuser starts with optimizing the
design by computational fluid dynamic (CFD) simulations.
After this optimization process the velocity distribution of
the optimized geometry is measured with laser Doppler
anemometry (LDA) and omni-directional velocity probes for
different air flow rates. Figure 1 shows the velocity distribution 200 mm behind the outflow measured with omnidirectional velocity probes for the maximum air flow rate.
The final diffuser (Figure 2) is produced as a small series for
the integration into the test aircraft.

Many laboratory experiments about the functionality of displacement ventilation for aircraft applications have been
conducted in the past. For the final validation of this air distribution system real flight tests are performed by Airbus.
An A320 Airbus is equipped with a displacement ventilation
system for these flight tests.
For the modification of the test aircraft special displacement air diffusers have to be developed which should provide the air with low speed into the cabin. Beside its good

Fig. 1: Velocity distribution in m/s 200 mm behind the
outflow

Fig. 2: Final displacement ventilation air diffuser
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Internal Airflow Studies in Active Chilled Beams
Offering flexible, energy-efficient solutions, active chilled
beams become increasingly popular in HVAC applications.
Using computational fluid dynamics (CFD) tools as well as
full-scale experimental methods, internal flow characteristics of active chilled beams are investigated to derive designs with improved performance.
Active chilled beams provide ventilation and effective air
cooling or heating in indoor environments. Unlike air-only
systems, water is used to transport the required energy
quantity. This results in considerable advantages regarding
volume specific thermal power as well as energy demand
for air movement. Thus, in applications with high thermal
loads and reasonable air exchange rates, active chilled
beams offer superior energy efficiency and compactness.
Together with their flexible, decentralized operation modes
the favoured criteria for new building or retrofit projects are
satisfied.
The characteristical feature of active chilled beams is the
induction principle: inside the device, the preconditioned,
so-called ‘primary air’ provided by a central air-handling unit
is introduced by an array of small nozzles. The resulting viscous effects at the surfaces of the emerging air jets in the
inner mixing region cause room air, the so-called ‘secondary
air’ to be drawn into the beam passing a heat exchanger.

Fig. 1: Simulation: jet deformation visualized by varying velocity isosurfaces

An important operational parameter is the induction ratio
which describes the effectiveness of the primary air to induce room air. Because it is highly dependent on the flow
conditions inside the beam a detailed analysis of the internal airflow is an essential prerequisite for any performance
improvement. Both computational fluid dynamics (CFD)
and experimental methods are used. While numerical simulations deliver information about flow properties inside the
beam geometry that are hardly detectable by experimental
methods without disturbing the flow, the experimental results are used to verify simulation data and to validate the
simulation models.
The internal airflow is characterized by high local velocity
gradients and different flow regimes. Previous results from
simulations and laser Doppler anemometry (LDA) measurements show complex three-dimensional deformations of
the primary air jets caused by interactions with secondary
air flow features, adjacent jets and the surrounding walls.
This makes the accurate prediction of global values like the
induction ratio a challenging task. Using the existing experimental setup will help to gain further insight into the
internal airflow which, in turn, enables the following optimization process.
Grateful acknowledgement is made for financial support by
TROX GmbH.

Fig. 2: Experiment: laseroptical velocity
measurement of the internal airflow
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DECEmber 2010
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Pooyan Jahangiri joins the institute
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the 8th International Conference on System Simulation
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17-19
Students meeting

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
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the Airbus PhD Day

29
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Energy management
July 2010
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Rita Streblow´s PhD defense party
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May 2010
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01

VDI guideline 6040 “Raumlufttechnik – Schulen – Anforderungen” is published in cooperation with Inga Eggers
advanced publication
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Davide Calì , Kristian Huchtemann, Claudia Kandzia, Peter
Matthes, Rita Streblow and Prof. Müller attend the Clima
2010 conference in Antalya, Turkey. Prof. Müller gives the
keynote “Contributions of Computational Fluid Dynamics
to Energy Efficient Buildings”.

17
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Universität Berlin in Holzkirchen.

28
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Institute For Future
Energy Consumer needs
and Behavior

Univ. - Prof. Dr. rer. soc. oec. Reinhard Madlener

Preface
This is the third Annual Report of the Institute for Future Energy Consumer Needs and Behavior (FCN). In 2010, the institute could be expanded further both in terms of staff and
research topics. Overall, it was again a very fruitful and rather
smooth year. We have decided about the final details of the
new ERC Main Building whose completion is now desperately awaited in order to be able to move into a still better suited
building also in terms of inter-institute interactions, teaching,
and development of industry relations. Joint daily life in the
ERC Interim Building along with the four other institutes
has become normal, and it could be felt that this concentration indeed enables a much closer and easier collaboration
among the research groups on a daily basis. Collaboration
with the other institutes has been further intensified and a
continuous source of inspiration, thus witnessing the huge
potential of integrated and interdisciplinar of research, and
matching the 2020 Vision of the university as a whole.
The FCN City Branch Office (FCN-CBO) still greatly facilitates
the provision of ser vices to students (e.g. office hours, student supervision), preparation of teaching activities and
meetings in the central campus area. It also fosters contact
with the Faculty of Business and Economics and other entities, saves valuable (commuting) time, and provides office
space for the 1-year Mercator Visiting Professor Dr Gürkan
Kumbaroglu from the Department of Industrial Engineering
at Bogazici University, Istanbul. In 2011, due to renovation, a
relocation of the CBO will become necessary.
In 2010 teaching activities were again broadened. The course
in Environmental Economics, developed in 2009 from scratch,
was offered a second time with great success, as was the further improved 2-day seminar on Behavioral Economics. The
seminars offered comprised again a seminar with the Chair
of Economic History, this time on the mobility of energy resources. The lectures on the Economics of Technical Change
and the Economics of Technological Diffusion, respectively,
were partly revised and improved further. Again, several
courses were offered in English, thus enabling the attraction
also of international students. The newly developed course in
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Advanced Energy Economics was successfully offered during
the summer term.
Student research at FCN at all levels has again been highly
successful both in quality and quantity (e.g. 21 study theses, 1
Bachelor thesis and 10 diploma theses, compared to 20 study
theses, 2 Bachelor theses, and 12 diploma or master’s theses in 2009). Although the intensive supervision of student
research has consumed a fair amount of time, it was well
invested, as several students were in close contact with interesting industrial companies or consulting firms, and much
of the research can be used in the ongoing projects and, if
brushed up sufficiently, also for scientific publications.
The catalogue of research topics now also comprises portfolio optimization and grid connection of onshore wind power,
economics of repowering, investment in gas-insulated lines
for connecting offshore wind power plants, the economics
and financial risks of wave power plants, and economic issues related to concentrating solar power plants (e.g. exchange-based trading through improved weather forecasts,
alternative storage technology), among others. Two new
projects funded by the ERC foundation have been launched
as well, the one focusing on direct foreign investments and
the role of energy service companies for carbon mitigation in
the energy markets of Russia, and the other on the economic
modeling of optimal energy retrofits in office buildings (jointly with EBC). Finally, some progress has been made in the two
new research areas initiated end of 2009, i.e. spatial econometric modeling and laboratory experiments in economics
on energy consumer behavior.
The Special Study commissioned by the Sectoral eBusiness
Watch of the European Commission (www.e-business.org) on
“Measuring and Metering Facilities as Enabling Technologies
for Smart Grids” (collaboration with ACS and Prof. Muskas
from University of Cagliari) was successfully completed, as
were the two projects funded by the ERC foundation on the
spatial multi-agent modeling of the diffusion of agricultural
biogas plants and the optimal power plant portfolio mix of

E.ON in Germany, Sweden and the UK. Still another project
successfully completed was on energy-environment-economy (E3) modeling of the Austrian economy with regard to
sustainable energy consumption and the role of energy efficiency, renewables, and (voluntary) behavioral change of
energy consumers.

while the number of research assistants has been fluctuating between three and seven. Space limitations, lean management considerations, and the preference of quality over
quantity of research, measured also by scientific publications
in high-quality journals, restrain the further growth of the
FCN due to the time constraints on my side.

The year 2010 has also been very productive in terms of publications and international conference presentations. Specifically, in the FCN Working Paper Series in total twenty-seven
(!) new research papers could be published (compared to
only twelve in 2009 and five in 2008, the year of launching the
series), receiving a continuously increasing visibility and popularity in the scientific community and elsewhere. The FCN
Working Paper Series serves as a fast-lane publication channel and signals ongoing research at FCN. Further, a number
of papers have been presented at international conferences
(e.g. IAEE International 2010, IAEE European 2010, INFORMS
2010, EURO 2010), thus fostering a high international visibility
of both FCN and the E.ON ERC as a whole, and maintaining
important networking with other researchers and organizations focusing on similar research topics. As a special highlight, in May I had the honor to give a presentation at the
World Conference on Information Technology (WCIT 2010)
at the RAI Center in Amsterdam as well as a well-received
dual plenary presentation about energy efficiency and the
rebound effect at the European Conference of the International Association for Energy Economics (IAEE 2010) in Vilnius, Lithuania. Again, I was able to deliver two chapters in
important reference books (Handbook of Sustainable Use
of Energy; Handbook of Power Generation: CO2, both forthcoming in 2011, and an outstanding new reference book on
learning curve analysis published in fall 2010). Among the
new ongoing book projects is a textbook on the Economics
of Planning and Policy Design in Power Markets, co-authored
by Prof. Kumbaroglu.

Most of the external PhD candidates, including Martin
Achtnicht, Joachim Lang, Richard Lohwasser and Günther
Westner, have made considerable progress in their doctoral
research throughout 2010, so that the expectation is that all
four could actually complete their doctoral research in 2011.
Ilja Neustadt received his PhD at the University of Zurich (I
was co-supervisor), while Sten Endter now plans his PhD defense for summer 2011. Finally, on invitation by René Kemp, I
had the honor to act as External Examiner in the PhD defense
of Marc Dijk at Maastricht University.

The number of staff at FCN has increased slightly to a steady
state: Maria Garbuzova (business economist) and Yasin Sunak (economic geographer) joined as doctoral researchers,

I have been invited to join several Scientific Committees of
international scientific conferences, including the European
Society Ecological Economics Conference (ESEE 2011) and
the International Conference on Applied Energy (ICAE 2011),
as well as the Editorial Boards of the newly launched journals
“Sustainable Cities and Society” (Elsevier) and “Energy, Sustainability & Society” (SpringerOpen).
From a personal perspective, the year 2010 was fruitful and
successful, but also laborious. The steady state has now been
reached for the further qualitative development of the FCN,
capacity building in various new research areas, and for undertaking top-level research on hot topics in applied and empirical energy economics. Ongoing research yields important
new insights, e.g. about the prospects of carbon capture and
storage, efficient power generation portfolios, or of e-mobility.

Aachen, January 2011
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
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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, 27 in 2010, and several more 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)

scientific paper depositories. As Figure 1 on page 120 shows
attention by the scientific community has been remarkably
high right from the beginning, measured by the number of
page views and downloads.

2010
Lang J., Madlener R. (2010). Relevance of Risk Capital and
Margining for the Valuation of Power Plants: Cash Requirements for Credit Risk Mitigation, FCN Working Paper No.
1/2010, Institute for Future Energy Consumer Needs and Behavior, RWTH Aachen University, February.

Madlener R., Neustadt I. (2010). Renewable Energy Policy
in the Presence of Innovation: Does Government Pre-Commitment Matter?, FCN Working Paper No. 4/2010, Institute
for Future Energy Consumer Needs and Behavior, RWTH
Aachen University, April, revised June 2010.

Michelsen C., Madlener R. (2010). Integrated Theoretical
Framework for a Homeowner’s Decision in Favor of an Innovative Residential Heating System, FCN Working Paper
No. 2/2010, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, February.

Harmsen-van Hout M.J.W., Dellaert B.G.C., Herings P.J.-J.
(2010). Behavioral Effects in Individual Decisions of Network
Formation: Complexity Reduces Payoff Orientation and Social Preferences, FCN Working Paper No. 5/2010, Institute
for Future Energy Consumer Needs and Behavior, RWTH
Aachen University, May.

Harmsen-van Hout M.J.W., Herings P.J.-J., Dellaert B.G.C.
(2010). The Structure of Online Consumer Communication
Networks, FCN Working Paper No. 3/2010, Institute for Future Energy Consumer Needs and Behavior, RWTH Aachen
University, March.

118

FCN Working Paper Series

Lohwasser R., Madlener R. (2010). Relating R&D and Investment Policies to CCS Market Diffusion Through Two-Factor
Learning, FCN Working Paper No. 6/2010, Institute for Future
Energy Consumer Needs and Behavior, RWTH Aachen University, June.

Rohlfs W., Madlener R. (2010). Valuation of CCS-Ready CoalFired Power Plants: A Multi-Dimensional Real Options Approach, FCN Working Paper No. 7/2010, Institute for Future
Energy Consumer Needs and Behavior, RWTH Aachen University, July.

Harmsen-van Hout M.J.W., Herings P.J.-J., Dellaert B.G.C.
(2010). Communication Network Formation with Link
Specificity and Value Transferability, FCN Working Paper No.
15/2010, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, November.

Rohlfs W., Madlener R. (2010). Cost Effectiveness of Carbon
Capture-Ready Coal Power Plants with Delayed Retrofit,
FCN Working Paper No. 8/2010, Institute for Future Energy
Consumer Needs and Behavior, RWTH Aachen University,
August.

Paulun T., Feess E., Madlener R. (2010). Why Higher Price Sensitivity of Consumers May Increase Average Prices: An Analysis of the European Electricity Market, FCN Working Paper
No. 16/2010, Institute for Future Energy Consumer Needs
and Behavior, RWTH Aachen University, November.

Gampert M., Madlener R. (2010). Pan-European Management of Electricity Portfolios: Risks and Opportunities of
Contract Bundling, FCN Working Paper No. 9/2010, Institute
for Future Energy Consumer Needs and Behavior, RWTH
Aachen University, August.

Madlener R., Glensk B. (2010). Portfolio Impact of New Power Generation Investments of E.ON in Germany, Sweden
and the UK, FCN Working Paper No. 17/2010, Institute for Future Energy Consumer Needs and Behavior, RWTH Aachen
University, November.

Glensk B., Madlener R. (2010). Fuzzy Portfolio Optimization for Power Generation Assets, FCN Working Paper No.
10/2010, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, August.

Ghosh G., Kwasnica A., Shortle J. (2010). A Laboratory Experiment to Compare Two Market Institutions for Emissions
Trading, FCN Working Paper No. 18/2010, Institute for Future
Energy Consumer Needs and Behavior, RWTH Aachen University, November.

Lang J., Madlener R. (2010). Portfolio Optimization for Power
Plants: The Impact of Credit Risk Mitigation and Margining,
FCN Working Paper No. 11/2010, Institute for Future Energy
Consumer Needs and Behavior, RWTH Aachen University,
September.
Westner G., Madlener R. (2010). Investment in New Power
Generation under Uncertainty: Benefits of CHP vs Condensing Plants in a Copula-Based Analysis, FCN Working Paper
No. 12/2010, Institute for Future Energy Consumer Needs
and Behavior, RWTH Aachen University, September.
Bellmann E., Lang J., Madlener R. (2010). Cost Evaluation of
Credit Risk Securitization in the Electricity Industry: Credit
Default Acceptance vs. Margining Costs, FCN Working Paper No. 13/2010, Institute for Future Energy Consumer Needs
and Behavior, RWTH Aachen University, September.
Ernst C.-S., Lunz B., Hackbarth A., Madlener R., Sauer D.U.,
Eckstein L. (2010). Optimal Battery Size for Serial Plug-in
Hybrid Vehicles: A Model-Based Economic Analysis for Germany, FCN Working Paper No. 14/2010, Institute for Future
Energy Consumer Needs and Behavior, RWTH Aachen University, October.

Bernstein R., Madlener R. (2010). Short- and Long-Run Electricity Demand Elasticities at the Subsectoral Level: A Cointegration Analysis for German Manufacturing Industries,
FCN Working Paper No. 19/2010, Institute for Future Energy
Consumer Needs and Behavior, RWTH Aachen University,
November.
Mazur C., Madlener R. (2010). Impact of Plug-in Hybrid Electric Vehicles and Charging Regimes on Power Generation
Costs and Emissions in Germany, FCN Working Paper No.
20/2010, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, November.
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 No. 21/2010, Institute for Future Energy Consumer Needs
and Behavior, RWTH Aachen University, December.
Melchior T., Madlener R. (2010). Economic Evaluation of
IGCC Plants with Hot Gas Cleaning, FCN Working Paper No.
22/2010, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, December.
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Lüschen A., Madlener R. (2010). Economics of Biomass CoFiring in New Hard Coal Power Plants in Germany, FCN Working Paper No. 23/2010, Institute for Future Energy Consumer
Needs and Behavior, RWTH Aachen University, December.
Madlener R., Tomm V. (2010). Electricity Consumption of an
Aging Society: Empirical Evidence from a Swiss Household
Survey, FCN Working Paper No. 24/2010, Institute for Future
Energy Consumer Needs and Behavior, RWTH Aachen University, December.
Tomm V., Madlener R. (2010). Appliance Endowment and
User Behavior by Age Group: Insights from a Swiss MicroSurvey on Residential Electricity Demand, FCN Working Paper No. 25/2010, Institute for Future Energy Consumer Needs
and Behavior, RWTH Aachen University, December.

Hinrichs H., Madlener R., Pearson P. (2010). Liberalisation of
Germany’s Electricity System and the Ways Forward of the
Unbundling Process: A Historical Perspective and an Outlook, FCN Working Paper No. 26/2010, Institute for Future
Energy Consumer Needs and Behavior, RWTH Aachen University, December.
Achtnicht M. (2010). Do Environmental Benefits Matter? A
Choice Experiment Among House Owners in Germany, FCN
Working Paper No. 27/2010, Institute for Future Energy Consumer Needs and Behavior, RWTH Aachen University, December.

Fig. 1: Working Papers FCN, Popularity – Page Views and File Downloads 2010
(Version as of December 31th, 2010)
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student research
DOCTORAL THESIS
Ilja Neustadt (University of Zurich)
Essays in Public and Regulatory Economics (completed
October 2010)
DIPLOMA THESES
Birk Kraas
Viability of a Concentrating Solar Power Forecasting System
for Participation in the Spanish Electricity Market (5/2010 11/2010)
Tobias Melchior
Economic Evaluation of IGCC Plants with Hot Gas Cleaning: A
Potential Technology to Bridge the Gap Arising from Nuclear
Power Generation and Conventional Coal-Based Power Generation in Germany (7/2010 - 10/2010)
Enno Bellmann
Vergleich und Bewertung unterschiedlicher Verfahren zur
Absicherung von Kreditrisiken der Elektrizitätswirtschaft auf
Rohstoffmärkten (5/2010 - 9/2010)
Johannes Ruschhaupt
Entwicklung der Marktanteile von PHEV: Einflussfaktoren
auf das Marktgleichgewicht konkurrierender Technologien
(5/2010 - 8/2010)
Sören Juckenack
Determination of the Optimal Time to Start Serial Production of Innovative Process Technologies: The Case of the Direct Drive Wind Turbine of Siemens Wind Power A/S (2/2010
- 5/2010)
Markus Gampert
Pan-European Management of Electricity Portfolios - Risks
and Opportunities (1/2010 - 4/2010)
Wilko Rohlfs
Cost Effectiveness of Carbon Capture-Ready Coal-Fired Power
Plants with Delayed Retrofit (1/2010 - 4/2010)
Johannes Schubert
Optimization of Power Generation Portfolios: Considering Innovative Power Generation Technologies (1/2010 - 4/2010)
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Yasin Sunak
Auswirkungen der Urbanisierung auf die Energienachfrage in
Entwicklungs- und Schwellenländern (10/2009 - 3/2010)
Thomas Dederichs
An Assessment of the Impacts of Network Externalities on
the Development of Smart Grid Infrastructures (9/2009 1/2010)
BACHELOR THESES
David Thies
Wie wirtschaftlich ist die Kernenergie in Wirklichkeit? Eine
kritische Analyse (5/2010 - 8/2010)
STUDY THESES
Philipp Gutsche
Empirische Untersuchung der Kosteneffizienz der leitungsgebundenen Trinkwasserpreise in Deutschland unter Berücksichtigung des Einflusses der Kommunalabgabengesetze der
Länder (9/2010 - 12/2010)
Katharina Klusmann
Internalisierung externer Effekte der Energienutzung: Die
vergessenen Millionen Deutschlands (9/2010 - 12/2010)
Veronika Weber
Fuzzy Portfoliooptimierung von Onshore-Windkraftwerken
(9/2010 - 12/2010)
Moritz Wenk
Rundsteuerung und moderne Weiße Ware vs. Smart DSM:
Ökonomische Aspekte, Trends und Perspektiven (9/2010 12/2010)
Moritz Cramer
Das Plug-in Hybridfahrzeug zwischen Medienrummel und
Marktversagen: Eine wohlfahrtsökonomische Analyse
(8/2010 - 11/2010)
Sebastian Lang
Die Energiepolitik Großbritanniens, ihre Anreizsysteme und
Potentiale hinsichtlich der Investition in Biomassekraftwerke
(7/2010 - 10/2010)

Marcel Baltzer
Economics and Energy Savings of Residential Retrofits: A
Mass-Customisation Approach (6/2010 - 9/2010)
Anne Hanbückers
The Impact of Governmental Regulation and Economic Incentives on the Diffusion of Energy-Efficient Technologies in
New Residential Buildings: The German Energy Saving Ordinance 2009 as an Example (4/2010 - 7/2010)

Christoph Mazur
Modellierung und Simulation der Auswirkungen von Plug-in
Hybridfahrzeugen und Vehicle-to-Grid auf Emissionen und
Stromgestehungskosten (1/2010 - 4/2010)
Jens Jacobs
Optionen für die Ausgestaltung eines überregionalen
Messstellenbetriebs bzw. Messdienstleisters: Organisationsformen, Kosten-Nutzen-Analyse und Produktgestaltung
(12/2009 - 3/2010)

Michael Minis
Analysis of the Impact of Alternative Thermal Energy Storage
Technologies on the Economics of Concentrating Solar Thermal Power Plants (4/2010 - 7/2010)

Thorsten Schneiders
Modellierung und Dimensionierung von KraftwerksausfallsReservekapazitäten (12/2009 - 3/2010)

Markus Schumacher
Repowering von Onshore-Windenergieanlagen in Deutschland (4/2010 - 7/2010)

Mathias Schröder
Cost Competitiveness of Competing Micro-Cogeneration Systems and the Role of Heat Contractors (11/2009 - 2/2010)

Reinhard Wimmer
Ist Nachhaltiges Bauen mit den bestehenden Zertifizierungssystemen unter wirtschaftswissenschaftlichen Gesichtspunkten sinnvoll? (4/2010 - 7/2010)

Caroline Bruns
Wirtschaftlichkeitsuntersuchung von Energieeffizienzmaßnahmen im Neubau im Rahmen der EnEV 2009 (10/2009 1/2010)

Titus Loss
Photovoltaikförderung in Deutschland und der Schweiz
(2/2010 - 5/2010)
Maximilian Hauertmann
Nachweis des Rebound-Effekts für Raumwärme in deutschen
Haushalten (1/2010 - 4/2010)
Christian Jochemich
Pipelinebasierte elektrische Übertragungssysteme für Offshore-Windparks: Kostenanalyse und Finanzierungsmodelle
(1/2010 - 4/2010)
Inga Kott
Öffentliche Akzeptanz von Kern- und Kohlekraftwerken:
Methodiken und empirische Forschungsergebnisse (1/2010
- 4/2010)
Julian Langstädtler
Ökonomische Einschätzung des “Desertec”-Projektes - Energie-Oase oder Fata Morgana? (1/2010 - 4/2010)
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ECONOMIC IMPACTS OF SUSTAINABLE ENERGY
CONSUMPTION (“e-co”)
The research project “e-co” analyzed the effects of sustainable energy consumption on the economy, the environment
and society that arise by following the goals stipulated in the
Austrian energy and climate policies for 2020. Three different
scenarios were simulated and evaluated using an integrated
environment-energy-economy model. The scenarios focused
on (1) renewables, (2) energy efficiency increases and (3)
reductions in energy consumption of private households by
voluntary changes in consumer behavior.
METHODOLOGY
The project’s methodology built on the development, modeling and evaluation of the scenarios mentioned above.
The scenarios were simulated using an integrated environment-energy-economy model for Austria (e3.at), which was
updated and adapted within the project (especially with
regard to the stock of dwellings of different age and size
categories) to allow for a quantitative evaluation of the
scenarios. After the adaptations, the macroeconomic multisectoral simulation model was an appropriate framework
for the analysis, allowing explicit and consistent consideration of the complex and diverse interactions between
various sectors of the economy. The effects of the scenarios
on economic growth, the environment (e.g. CO2 emissions),
the balance of trade and the labor market could thus be
depicted in great detail.
During the scenario development, modeling and evaluation,
a selection of stakeholders (lobbyists, politicians and experts) in the fields of energy policy and energy supply were
actively 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 contributed to the alliance between science and practice by supporting the dialogue between stakeholders and
scientists and by increasing the transparency of the modeling process.
RESULTS AND CONCLUSIONS
The results of the project clearly show that increases in energy efficiency and in the renewables share are important
elements of an “energy turnaround”. However, they do not
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suffice to reach Austrian and EU energy and climate policy
goals. Renewable energy and efficiency increases can only
fulfill the role assigned to them in achieving a sustainable
energy system if they are complemented by behavioral
changes that stop the increase in energy demand.
The effect commonly known as “rebound” especially impinges upon efficiency increases. Thus, energy consumption
– for example by domestic appliances or by individual traffic
– has been continuously rising for years despite increased
efficiencies. Additionally, an indirect rebound effect is
caused by measures stimulating economic development in
energy-intensive sectors (increase in energy consumption
due to economic growth). Being able to display indirect
rebound effects is a significant advantage of the integrated
modeling enabled with e3.at, since economic conjunctions
are consistently accounted for in the model.
Forceful implementation of the measures proposed in the
scenarios would lead to improvements not only regarding
energy and climate, but also for the economy. Thus, economic output and employment have performed better in
all scenarios compared to the business-as-usual scenario.
Sustainable behavior might cause temporary restrictions,
but not necessarily and not permanently impairs economic
potential.

References:
Bohunovsky L., Stocker A., Hinterberger F., Großmann A.,
Wolter M.I., Hutterer H., Madlener R. (2010). Volkswirtschaftliche Auswirkungen eines nachhaltigen Energiekonsums
(Economic Impacts of Sustainable Energy Consumption,
in German). Publizierbarer Endbericht des Projektes e-co,
Studie im Rahmen des Klima- und Energiefonds, Wien, Juni
2010.
Stocker A., Bohunovsky L., (2009). Volkswirtschaftliche Auswirkungen eines Ausbaus von Erneuerbaren Energien.
Wirtschaftspolitische Blätter 4/2009, 693-707.

Fig. 1: Share of renewable energies in total final energy consumption, by scenario and 2020 policy target (in %)
Source: Bohunovsky et al. (2010)

Fig. 2: Total CO2 emissions in Austria, by scenario and Kyoto policy target (in million t)
Source: Bohunovsky et al. (2010)
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MODELING THE DIFFUSION OF COMPETING RESIDENTIAL
HEATING SYSTEMS
Residential heating accounts for 75% of the total final energy demand for residential purposes in Germany. It is mainly
based on the fossil fuels oil and gas and, therefore, connected to fluctuating energy prices, security of energy supply
and environmental considerations. Against this background,
innovative residential heating systems (RHS) have come into
the focus of policy makers and private homeowners in the
past few years. Due to the obligation to use a certain amount
of renewable heat, owners of newly built homes in Germany
today must use a gas- or oil-fired condensing boiler in combination with solar thermal collectors, an electric heat pump
or a wood pellet-fired boiler. All of these competing RHS provide the same quality of residential heat; however, they have
significant differences in their economic, environmental or
technical characteristics. Since the external decision context
is more or less homogeneous for most homeowners, personal-sphere elements, such as attitudes or norms, which are
shaped by economic framework conditions, seem to play a
role in the adoption process of an innovative RHS.
Against this background, the aim of this research project
is to investigate the dynamics of economic and personalsphere factors in the adoption and diffusion processes of
RHS from an economic, psychological and behavioral 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 diffusion process, which may be thought of as social phenomena
arising from various individual decisions.
In the first step of our research, we develop an integrated
theoretical framework for assessing the homeowner’s adoption decision for an innovative RHS (Michelsen and Madlener, 2010). Starting from an attitude-based theory (Theory of
Planned Behavior; Fishbein and Ajzen, 1975; Ajzen, 1991), we
propose a framework that explicitly accounts for economic
aspects and personal-sphere determinants. Our theoretical
framework claims that perceptions about economic factors
such as investment costs, energy prices and subsidies shape
certain personal-sphere determinants in the RHS adoption
decision. The theoretical framework serves as the starting
point for developing hypotheses on the role of the homeowner’s attitudes and behavior, as well as the influence of
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perceived economic factors in the adoption process. Based
on this framework, we develop and pre-test a questionnaire
for a large mail survey of owners of existing and newly built
1-2 family homes in Germany, who have recently installed a
new RHS. The results of the pre-study indicate that we can
expect a high response rate for the main study and that the
questionnaire will reveal relevant information on different
aspects of the RHS adoption decision.
Currently, we investigate the homeowner’s adoption decision by conducting the main survey for the case of Germany (sample size: 5000 homeowners). So far, we have had a
promising overall response rate (about 60%).
Next steps in this research include data analysis with structural equation models in order to identify significant factors determining the individual adoption decision (winter
2010/2011). Based on the theoretical and empirical insights,
we will develop and implement a multi-agent simulation
model for investigating the possible future diffusion of RHS
as a social phenomenon arising from various individual decisions over time (spring 2011). We plan to submit at least
three papers to academic peer-reviewed journals including
publications on (i) the integrated theoretical framework for
investigating the homebuilder’s adoption decision for an
RHS, (ii) insights from the survey on RHS adoption among
homebuilders in Germany, and (iii) the agent-based simulation of future diffusion dynamics.

References
Ajzen I. (1991). The theory of planned behaviour, Organizational Behavior and Human Decision Processes 50: 179-211.
Fishbein M., Ajzen I. (1975). Belief, Attitude, Intention and
Behavior: An Introduction to Theory and Research, AddisonWesley, MA.
Michelsen C., Madlener R. (2010). Integrated Theoretical
Framework for a Homeowner’s Decision in Favor of an Innovative Residential Heating System, FCN Working Paper

No. 2/2010, Institute for Future Energy Consumer Needs
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Source: FCN
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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 road transport system is a key element in future energy supply and
transportation scenarios, because this linkage offers manifold advantages. The major benefit would lie in a reduction
of CO2 emissions through a decrease in oil-based fuel consumption in the transport sector and an increase in electricity generation from volatile renewable energy sources.
Electric vehicles can serve as active storage systems in the
grid. Given current technology, plug-in hybrid electric vehicles
(PHEVs) offer the possibility of achieving this benefit at acceptable cost, because they enable automobile drivers to
switch to partial electric driving, without worrying about the
limited driving range of full-electric cars. However, a transition to electric mobility critically depends on consumer acceptance.
In this research project we want to (1) assess consumer
preferences for alternative fuel vehicles (AFVs) in general
and PHEVs in particular; (2) determine the economically optimal battery size of PHEVs; (3) forecast the diffusion process of AFVs in the near future; and (4) simulate the impact
of PHEVs and their usage of vehicle-to-grid (V2G) services
on electricity generation costs and emissions. Geographically, we focus our research primarily on the German market.
Consumer preferences for AFVs: Overall acceptance of
new technologies is driven by the legal framework, economic aspects, technical factors and personality variables,
all of which are highly interrelated. Accordingly, we first
use behavioral economic and socio-psychological theories
to identify the variables that influence consumer decision
processes with regard to new technologies – e.g. (1) vehicle
attributes, such as purchase price and maintenance costs,
the density of the recharging infrastructure and CO2 emissions per km; (2) governmental framework conditions, such
as investment subsidies or CO2 tax remedies; (3) demographic variables; and (4) personality characteristics, such
as attitudes towards the environment and new technologies. Second, we use theoretical models to derive hypotheses regarding the impact of these factors on individual
vehicle choice decisions. Finally, we empirically test these
hypotheses by analyzing data from a customer-oriented
socio-psychological survey in a discrete choice econometric
framework.
Economically optimal battery size: The battery size of a
PHEV is crucial for its cost effectiveness. Based on the energy consumption of a conventional reference car and a PHEV,
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we determine the total costs of ownership for the average
German car user for both vehicle types. Our model takes
into account the purchase price, fixed annual costs and operating costs. The amortization time of PHEVs also depends
on the recharging strategy (once a day, once a night, after
each trip), battery size and battery costs, for which we use
two price scenarios. Our results show that PHEVs with a 4
kWh battery and current lithium-ion battery prices reach
the break-even point after 5-6 years. With higher battery capacities the amortization time becomes significantly longer
and exceeds ten years. However, when the battery price is
halved, batteries with a larger capacity (12 kWh) become
economical within this time frame.
Adoption and diffusion of AFVs: The diffusion process of
AFVs in general, and PHEVs in particular, is assessed in two
ways. First, we apply an existing expected utility model,
which accounts for network externalities and quality differences across competing technologies, to the case of vehicle technologies and thus simulate the development of
PHEV market shares in Germany over time. In this model,
customer evaluation of competing vehicle technologies is
influenced by quality differences, which are captured by
cost, performance and image indices. These indices indicate
that PHEVs will not gain substantial market shares until
2020 unless highly subsidized or unless there are major improvements in the quality parameters considered. Second,
the previously mentioned survey results are used to simulate and forecast future adoption and diffusion processes of
AFVs in Germany under a variety of scenarios in an agentbased simulation model, in which the causal interactions
between decisions of consumers and vehicle manufacturers and governmental policies are investigated. These dynamics have a major influence on the development path of
a new technology.
Economic and environmental impacts of PHEVs: Depending
on the charging scenario, the increased demand for electricity created by PHEVs will have a significant influence on
the demand for higher capacities, the generating costs for
the producers, and the total emissions caused by the different types of power plants utilized in a country. Our results
show that the ecological gain of the diffusion of PHEVs in
Germany is limited, as German electricity generation relies,
to a large extent, on coal and lignite. A high diffusion of
PHEVs without controlled charging leads to higher peak
demands and, therefore, to higher generation costs. Shifting control over charging times to the electricity producers

would solve this problem, as charging could be shifted to
hours with low demands. A better utilization of base-load
plants and a decrease in the use of peaking plants would
decrease average generation costs. However, since coal
and lignite are used for base-load generation, their utilization would increase, which implies that average emissions
would rise as well. Given the current German energy mix,
PHEV emissions will not be significantly lower than emissions from ‘low consumption’ vehicles. Also, PHEVs will emit
more SO2 than conventional vehicles.
Only by taking all these economic, behavioral, infrastructural and social aspects into account, can we identify the benefits and the additional costs faced by all parties. Successful
market introduction of PHEVs is achieved only if a win-win
situation is created for all sides. The final goal of the project
is to use the results to make science-based policy recommendations.
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Fig. 1: Impact of Charging Control on PHEV’s annual average
CO2 emissions with regard to the energy mix
Source: Own calculations
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SPATIAL DIFFUSION OF AGRICULTURAL BIOGAS IN
GERMANY
Energy derived from biomass (in particular biofuels and biogas) has become an important subject of political debate
and governmental support. In comparison to other renewable energy sources such as wind and solar, biomass can be
easily stored and does not rely on fluctuating weather-related factors that affect power generation. However, biomass
is characterized by low energy content. In order to achieve
efficient energy conversion, biomass must be processed in
proximity to the feedstock location.
In this research project we studied the economic viability
and spatial diffusion of biogas technology in the agricultural sector by means of a multi-agent simulation (MAS)
model. The aim of the simulation process was to estimate
and display the spatial dissemination of agricultural biogas
technology in selected regions in Germany over the period
from 2008 to 2028 by explicitly accounting for resource potentials, subsidy schemes and alternative technologies. The
MAS model was fed with Geographical Information System
(GIS) data at the community level. The data comprised of
geographical, agricultural and economic information. The
spatial diffusion model accounted for three alternative plant
sizes (100 kWel, 500 kWel, 1 MWel) that generated combined
heat and power (CHP). The possibility of investing in three
competing heat use technologies (mobile storage, local
district heating and ORC process) was also modeled. This
allowed us to assess whether a more efficient utilization
of waste heat improves the economic viability of different
biogas plant sizes and leads to faster market penetration.
It is important to keep in mind that the adoption and diffusion rates of biogas technology vary across Germany’s
federal states. This leads to the hypothesis that disparities in spatial diffusion may stem from differences in local
framework conditions. The latter may relate to the prevailing agricultural structure (e.g. stock farming versus crop
production), the availability of substrates, the degree of
nutrient saturation of farmland, the existence of heat sinks
and differences in the acceptance and awareness of potential adopters with regard to the technology (i.e. existence of
local knowledge networks). In addition, local differences in
cost and revenue was well as in policies such as subsidies
or information campaigns promoting agricultural biogas
plants could have an impact on the spatial distribution of
this technology.
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For the purposes of this project we focused our analysis on
the two German federal states of North Rhine-Westphalia
(NRW) and Bavaria. Two reasons led us to this choice. First,
data availability in sufficient geographical detail is scarce.
Secondly, NRW and Bavaria can be considered as representative benchmarks for Germany with respect to the number
of plants installed, average generating power and underlying socio-economic conditions.
The two key components of our model are the MAS interface and the GIS data. A Multi-Agent Simulation model
usually refers to a group of interlinked players that make
(partially) autonomous decisions under limited information
and decentralization. MAS models are useful in the study
of collective behavior of independent agents that interact
with each other and their environment. In general terms,
MAS models are software programs that assign data and
behavioral algorithms to representative actors. The organization of the MAS model defines the role, behavioral expectations and authority relations among various agents
and sets the framework for their interaction. Geographical
Information Systems (GIS) link data to a map. They consist
of software systems that capture, store, analyze and display
space-related information.
According to our results, thanks to current technologies and
governmental support, new biogas facilities can increasingly take advantage of agricultural by-products and wastes
scattered across the territory. We estimate an additional
capacity potential of 370 MWel in North Rhine-Westphalia
and Bavaria alone (see the attached figure for potential installed electric capacity in NRW in 2028). The inclusion of
an efficient use of waste heat produced by the CHP plants
further increases the potential energy contribution.
Electricity generation is characterized by relatively small
conversion units located in the proximity of substrate-rich
areas. Accordingly, we expect biogas plants to be built in
areas with abundant agricultural resources and concentrate
in the northern and north-western regions of North RhineWestphalia and in the south-eastern and mid-western areas
of Bavaria.
A key policy recommendation based on this study is the
maintenance of the current (or similar) feed-in tariffs in or-

der to guarantee a full exploitation of biomass resources
for electricity generation with biogas-run CHP units. A 25%
decrease of the current support scheme, for example, would
remove a key incentive to build biogas plants. As the availability of substrate decreases and its price increases, investors will not finance biomass-based CHP facilities without
adequate compensation and available biomass resources
will remain unexploited.
The inclusion of different heat distribution technologies
also plays an important role in the attractiveness of the investment decision in a biogas plant. An efficient heat use is
also coupled with increased feed-in payments, though it remains contingent on the availability of sufficient heat sinks
in the proximity of the biogas facility.
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Fig. 1: Distribution of total biogas plants and installed electric capacity per community in NRW in 2028
Source: FCN
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OPTIMIZATION OF E.ON’S POWER GENERATION MIXES
The liberalization of the electricity market, rapid increase in
electricity demand, the aging stock of existing power plants
and resource limitations induces substantial (re-)investment
needs in power generation capacity in the coming years. Energy planners and providers need to modify their allocation
strategies and use a robust analytical framework for selecting suitable technologies to be added to the existing generation mix. Theoretical and empirical research indicates that
Mean-Variance Portfolio Theory is a consistent framework
for such kind of analysis. In this framework, financial risks
and the technical, economic and societal aspects of the various generation technologies are explicitly considered.
In this thematic research area we consider different aspects
of E.ON’s power generation mix within the framework of
two projects: “Optimization of E.ON’s Power Generation
Portfolio with a Special Focus on Renewables” (completed)
and “CO2 Free Power Generation from Nuclear Energy and
Renewables: Perceived and Actual Risks” (ongoing). The
main goal of the research project “Optimization of E.ON’s
Power Generation Portfolio with a Special Focus on Renewables” was to analyze the efficiency of E.ON’s current power
generation portfolios in three markets (United Kingdom,
Sweden and Germany) and to evaluate feasible investment
opportunities in new electricity generation technologies
from an expected risk-return perspective. We used Markowitz’s well-established Mean-Variance Portfolio (MVP) theory
(Markowitz, 1952) to investigate existing power generation
assets in the considered markets. Power generation portfolios were optimized under the assumption that a rational investor was trying to obtain either the power generation mix
with the highest annual expected return per unit of electricity output or the mix with the lowest risk, measured as
standard deviation of expected annual return. When investigating existing power generation mixes we used an unrestricted portfolio optimization model. When evaluating the
feasibility of new investments we used restricted portfolio
selection models to avoid technically infeasible solutions.
In all cases efficient portfolios are well diversified and exhibit a significant share of renewable energy technologies
(Madlener et al. 2009).
We investigated the impact of different new investment
options for achieving a risk-return optimized future production portfolio, by using Net Present Value per unit of installed capacity as a proxy for return (Madlener and Glensk,
2010). The investigation indicates that new renewable investments have a positive impact on existing portfolios in
the three countries under consideration (Fig.1).
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Due to certain limitations connected with the Markowitz
approach, we also considered a fuzzy portfolio selection
model with semi-mean absolute deviation as a proxy for
risk (Glensk and Madlener, 2010). A fuzzy approach increases
the likelihood of integrating expert knowledge and the investors’ subjective opinions with regard to return and risk
into the decision problem, which improves quantitative and
qualitative analysis. Preliminary results indicate that better
descriptions of an energy provider’s subjective expectations, as embodied in the fuzzy approach, could significantly improve the portfolio selection process. Also, including
downside risk measures to the optimization model can
positively impact the decision making process and investors’ risk expectations.
The second project connected with optimization of power
generation mixes “CO2 Free Power Generation from Nuclear Energy and Renewables: Perceived and Actual Risks” is
a logical extension of the first project. First, this research
project aims at moving beyond the static portfolio optimization approaches suggested in the literature by utilizing a
dynamic portfolio approach. To date, most applications of
the MVP approach to real assets in the energy sector have
examined and compared static portfolios (comparativestatic analysis). However, real world decision-making under
uncertainty is dynamic, which indicates the suitability of using a dynamic approach. Second, we aim to investigate public acceptance and, in particular, possible discrepancies between perceived and actual (technical and financial) risks
related to new renewable and nuclear electricity generation
technologies. This latter investigation is conducted through
desk research and also by means of a questionnaire survey
that will be conducted in 2011 in Germany.
Today, energy utilities around the world are heavily involved
in the development of CO2-free or low-CO2 technologies.
Activities connected with climate change mitigation, such
as shifting energy production towards renewable energy
sources, represent significant behavioral changes among
energy suppliers and consumers. Hence, we put special attention to the potential portfolio benefits of concentrating
solar thermal power generation and cogeneration as new
and potentially important additions to the power generation portfolio of the European electricity supply system.
Different problems and aspects related to this project are
considered and investigated in a number of doctoral, diploma and study theses. They include the impact of distributed
generation on centralized power generation plants and
portfolios, the economics of offshore wind and solar power

technologies, risk management of offshore wind power
projects, public acceptance of large-scale power generation
investments in Germany, and the portfolio impact of various
cogeneration, wind and solar power technologies.
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Source: Madlener and Glensk (2010)

CONTACT
Dr. rer. oec. Barbara Glensk
T +49 (0)241 80 49833
F +49 (0)241 80 49829
bglensk@eonerc.rwth-aachen.de

Research: Project Descriptions

133

ANALYSIS OF SPATIAL IMPACTS ON INVESTMENTS AND
ECONOMIC BEHAVIOR
It has long been known that economic, business and
investment decisions are affected by geography and location. Agglomeration effects, stemming from the proximity of similar competitive firms, influence the creation
of high-tech knowledge clusters. Property valuations are
affected by proximity to amenities and other neighborhood characteristics. Historically, the incorporation of geographical knowledge into economic decision-making was
ad hoc, as the tools for rigorous, scientific analysis of how
location affects economics did not exist. Today, that is not
the case. With concurrent developments in mapping technologies, computational power and spatial statistics, we
now have access to a powerful array of tools to facilitate
scientific decision-making in a spatial context.
In this project, we use state-of-the-art tools to study how
decisions related to energy production and use are affected by economic, social and other elements of the
surrounding geography. Specifically, we focus on two
research questions. One question focuses on the production and investment side of the energy sector. We identify and quantify significant factors that affect investment
in different types of power generation infrastructure, and
how they are affected by location. The second question
focuses on the demand side: on the behavior of energy
consumers. We analyze residential energy consumption
and identify and quantify spatial patterns in this consumption.
Heuristically, it is easy to see how location affects investment in infrastructure. For example, the feasibility of
a new biogas plant depends on the size and expected
growth of the market, the installed capacity of other
producers and local government support. Using a rigorous spatial econometric framework, we obtain accurate
and precise estimates of the impacts of these and other
factors. We are then able to make predictions on biogas
plant profitability at specified locations on our map. We
can also infer how the market may be affected by changes in the regulatory regime. These changes may include
tax structure, investment aid and promotion of other energy sources.
The consumer problem relates to an analysis of patterns
in residential energy consumption and appliance use.
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We focus on how energy consumption correlates across
neighborhoods and attempt to isolate factors that affect
these relationships. Household and neighborhood level
data will be incorporated into the spatial model to generate impact estimates of these factors on energy use at
individual, neighborhood and citywide scales of measurement. The modeled estimates will then be used to predict
future energy use under alternate scenarios of regional
development and household consumption. By estimating
individual and market responses to changes in the local
and policy environment, this information will empower
decision-making, and provide a powerful example of the
application of cutting-edge statistics to energy policy.
So far, we have made progress on two fronts in getting
the project off the ground. On one front we are developing the tools needed to conduct state-of-the-art statistical analysis. We have procured the software needed for
mapping and spatial statistics. We have also developed
and tested algorithms that implement some of the latest
theories in spatial econometrics (Arraiz et al., 2010; Piras, 2010; Kelejian and Prucha, 2010). The algorithms have
been applied to another (non-energy) project and the results presented at an international academic conference,
where comments were favorable (Ghosh and Bonanno,
2010). On the second front, we have been exploring various possibilities for accessing spatial and economic data
at the ideal scale or resolution. These possibilities include
private and public sources, and proprietary and non-proprietary data. We hope to have the data needed within
the next few months.
In the next phase of our project we plan to accomplish
the following objectives. First, we will complete and compile an extensive review of the latest literature on spatial econometrics and statistics. Second, we will encode
relevant statistical models from the current literature.
By creating these databases we will be able to conduct
accurate and precise spatial analyses over short time horizons. Third, we aim to complete all necessary data collection. Fourth, we will fine-tune our spatial analysis tools
by applying them to our data. Finally, we will evaluate
hypothetical business and economic decisions by using
the forecasting capabilities of our tools.

References:
Arraiz I., Drukker D. M., Kelejian H.H., Prucha I. R. (2010).
A Spatial Cliff-Ord-Type model with Heteroskedastic Innovations: Small and Large Sample Results, Journal of
Regional Science, 50(2): 592-614.

Kelejian H. H., Prucha I. R. (2010). Specification and Estimation of Spatial Autoregressive Models with Autoregressive and Heteroskedastic Disturbances, Journal of
Econometrics, 157(1): 53-67.

Ghosh G., Bonanno A. (2010). SNAP Efficacy and Food
Access – A Nationwide Spatial Analysis, Selected paper
presented at the 1st Joint EAAE / AAEA Seminar, “The Economics of Food, Food Choice and Health”, Freising, Germany, September 17, 2010.

Piras G. (2010). sphet: Spatial Models with Heteroskedastic Innovations in R, Journal of Statistical Software 35 (1):
1-21.

Fig.1: Participants in US Food Stamp Program as percentage of total population 2006
Source: FCN (Own construction from US Census data)

CONTACT
Dr. rer. oec. Gaurav S. Ghosh
T +49 (0) 241 80 49840
F +49 (0) 241 80 49829
gghosh@eonerc.rwth-aachen.de

Research: Project Descriptions

135

UNDERSTANDING ENERGY CONSUMER BEHAVIOR
THROUGH ECONOMIC LABORATORY EXPERIMENTS
Accurate and nuanced understanding of consumer behavior
is critical for the seamless development and implementation
of socially-efficient government policy or profit-maximizing
firm-level policy in the energy space. Developing such understanding through traditional methods is problematic.
Research shows survey-based methods to be inaccurate
because of hypothetical bias. Since respondents are aware
that filling a survey does not affect their incomes or experience, their responses tend to be poorly thought-out and
non-indicative of their true preferences. Using data-based
methods to understand consumer behavior is often problematic because of non-availability of quality data and endogeneity issues like omitted variable bias and reverse causality. As a consequence, researchers today are gravitating
towards experiments as empirically valid, data-rich methods
for understanding economic behavior. Through careful design, research subjects are incentivized to truthfully reveal
their preferences, thereby mitigating much of the hypothetical bias that affects survey research. Non-availability of data
is not a problem since the experiment generates the data
and endogeneity is alleviated by the high level of control
in the laboratory environment. A well-designed experiment
will supply accurate inference on consumer behavior and responses to changes in energy markets.
In this project we contribute to the literature on economic
experiments and consumer behavior (see Davis and Holt,
1993), while supplying decision makers in the energy sector with empirically robust analysis of residential energy
markets. Specifically, we design robust experiments aimed
at revealing consumer preferences with respect to pricing
strategies, alternative distribution mechanisms and different energy bundles. By estimating consumer responses to
changes in energy markets and policy, the experiments will
empower decision-making, and provide a powerful example
of the application of cutting-edge experimental methods to
energy policy.
The basic experimental approach is as follows: First, the research problem is identified and a set of hypotheses on consumer behavior formulated. Next, the economic institution
used to study the problem is defined and designed. Markets
and auctions are examples of economic institutions. Designing the institution is a deliberative process, whereby feasible
subject responses to all stimuli in the market are mapped,
quantified and parameterized. The idea is to anticipate all
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possible responses, which is necessary for understanding
the experimental results. The design also requires writing
code, such that the market exists on a computer network.
We will use the zTree software to encode our institutions
(Fischbacher, 2007). After designing the experiment, a series
of sessions are conducted. In each session, human subjects
participate in the economic institution through a computer interface. Depending on their responses they earn real
money, paid to them in private at the end of the session.
When the experiment is well designed, truthful revelation
of preferences is rewarded and non-rational behavior penalized. Sessions tend to run for two to three hours, and
subjects earn € 20-30 in the mean.
Conducting economic experiments requires physical infrastructure in the form of a computer laboratory with 25–30
machines, where experimental subjects participate in the
experimental market through a computer network. There is
considerable interest in the idea from other institutions at
RWTH Aachen that analyze consumer behavior, and we are
currently working with university collaborators on creating
this laboratory. We also aim to create an alternate mobile
infrastructure to conduct field experiments. In such experiments, the laboratory is shifted to a convenient location
to facilitate participation by stakeholders. Practically, this
would require 25–30 networked laptops and a laptop server
on a tailored transport. Unit
Our current experiment focuses on how residential consumers evaluate product bundles related to energy savings.
We investigate how the consumer’s degree of autonomy in
designing the product bundle affects consumer and social
welfare, firm profits and overall transaction efficiency. For
example, what are the differences in outcomes between
a scenario where the consumer can only bargain on price
and a scenario where the consumer can also negotiate the
composition of the product bundle? The experiment draws
on and adds to the literature on behavioral effects and heuristics in consumer choice (e.g., Yadav, 1994) and extends
the energy economics literature on household preferences
for energy-saving measures (e.g., Poortinga et al., 2003) as
it is designed under an auction framework (e.g., Chen-Ritzo
et al., 2005) and has bearing on the recent issue of masscustomization of energy-saving measures.
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Fig.1: Decision screen in emissions market experiment
Source: FCN
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ECONOMETRIC ESTIMATION OF ENERGY DEMAND
ELASTICITIES
Energy-related policy designs can have far-reaching and
long-term consequences for the structure of the prevailing
energy system. Hence, awareness of the mechanisms underlying energy markets is important. Accurate prediction of
how energy consumers react to changes in prices, income
and other explanatory variables facilitates understanding
of the functioning of energy markets. This understanding, in
turn, provides guidance for policy decisions that, hopefully,
results in a future where energy is used in a more environmentally and socially benign fashion.
Elasticity estimates provide information as to how sensitive
consumer behavior is to changes in important explanatory
variables (e.g. energy price, income, energy-using capital
stock). Also, there is a critical need for better understanding of how energy efficiency technologies and measures are
adopted by energy consumers. This includes an estimation
of the rebound effect (which describes how gains in energy
efficiency are eroded by increases in energy demand due
to more efficient and possibly less expensive provision of
energy services) and an analysis of structural change in the
residential sector (perhaps caused by an aging society) on
energy consumption.
In the field of energy use, it is a challenge for econometricians to estimate reliable energy demand elasticities. These
elasticities are useful for policy-makers, strategic decisionmaking by utilities, technology manufacturers and other relevant stakeholders. At present, elasticity estimates are rare,
and research interest in this area has waned since the early
1980s. This is despite an increasing acknowledgement that
a better understanding of energy consumer behavior is crucial for energy policy makers. This understanding is important because of dynamic structural changes in the energy
domain and the availability of new technologies, as well
as the availability of improved energy-sector data and new
econometric modeling techniques such as cointegration
(which means stationary long-run relationships between
two or more non-stationary variables) analysis and dynamic
panel data econometrics.
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The main aims of this research project are: (1) to summarize
the state-of-the-art in using econometrics for estimating
elasticities of energy demand; (2) to estimate 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 to changes
in the energy market. The results will also shed light on the
robustness of the econometric estimates if different subsamples of the data are used.
So far, we have estimated a first set of estimates for electricity demand elasticities at the subsectoral industry level in
Germany by using a multivariate cointegration framework.
By working at the sub-sectoral level we have access to data
with information that is lost at higher levels of aggregation.
We are also able to select sub-sectors with low heterogeneity with respect to energy consumption. The annual data
set covers eight subsectors of the German economy over
the period 1970 - 2007. By employing a cointegrated VAR
model specification and accounting for structural breaks,
cointegration relationships for five of the eight subsectors
are found. The long-term elasticities range between 0.70
and 1.9 for economic activity and between zero and –0.52
for the price of electricity. The short-term elasticities are estimated by single-equation error-correction modeling and
found to be in the range of 0.17 to 1.02 for economic activity
and zero to –0.57 for the electricity price. Granger-causality
tests indicate that in the long run both economic activity
and electricity price causally affect electricity consumption,
while electricity price and electricity consumption causally
affect economic activity in only two subsectors. Electricity
price is not Granger-caused in either the long or the short
run. Finally, an impulse response analysis yields plausible
results as well, further confirming the usefulness of the approach adopted.
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Fig. 1: Industrial sector data for Germany. (a) Subsectoral electricity consumption in Terawatt-hours (TWh), 1970 - 2007.
(b) Subsectoral value added in billion Euros at constant (1995) prices, 1970 - 2007. (c) Industrial electricity prices in € per
kilowatt-hour (kWh) at constant (1995) prices, 1970 - 2007
Sources: data from IEA/ EU-KLEMS, FCN illustration
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FOREIGN DIRECT INVESTMENT IN CARBON FOOTPRINT REDUCTION PROJECTS: THE CASE OF THE RUSSIAN ENERGY MARKET
POST-2012
It has long been recognized that energy-intensive enterprises are, to a large extent, responsible for resource depletion and environmental pollution. However, nowadays sustainability-oriented global players are increasingly forced
to achieve, among other goals, greater energy efficiency by
implementing innovative (energy) technologies as part of
their corporate strategy, in order to limit their carbon footprint and their adverse impact on society. Advocating and
implementing such long-term strategies requires proactive
measures, such as dedicating a certain share of their FDI
to energy-efficient and carbon-mitigating technologies, and
earning the goodwill of society and government by working
towards a stable political and regulatory framework. Unfortunately, the uncertainty about the future of the global
climate change policy and different market-specific barriers
limit foreign companies from elaborating a long-term (post2012) strategy focused on international investments in energy efficiency and carbon mitigation around the world. As
a consequence, the future role of market-based mechanisms
of the Kyoto Protocol, among others Joint Implementation
(JI), – which were initially introduced in order to overcome the
shortcomings of the Kyoto Protocol by establishing sustainable economic incentives for the companies – remains unclear post-2012. This uncertainty leads to an interesting situation because policy uncertainty now has the potential to
significantly disrupt current activity and future investment
in the market-based mechanisms’ space.
The aim of this research project is to better understand foreign direct investments (FDI) in carbon mitigation and energy efficiency projects, with a particular emphasis on the
Russian energy market in the post-2012 era. An assessment
of the status quo, and the development of long-term carbon
mitigation and energy efficiency strategies in Russia, will be
conducted from the perspective of foreign direct investors;
to consider how energy sector companies deal with political, financial and socio-economic challenges on the path to
a low carbon economy.
Given the uncertainty surrounding the future development
of global climate change policy, Russia remains an attractive but highly risky market for foreign companies seeking to profit from transfer of energy efficiency and carbon
mitigation technologies and related services. There is much
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concern in Europe that Russia cannot meet its future energy
needs, and is constrained regarding its ability to increase
energy exports because of stagnant production levels, high
energy inefficiency and a rapidly growing domestic demand
for energy. Hence Russia offers enormous opportunities for
profitable investment in energy efficiency and carbon mitigation, as it struggles to upgrade its energy infrastructure
and to reduce environmental pollution.
In previous years, the implementation of JI projects with
the participation of foreign direct investors in the Russian
market was expected to be highly profitable. However, besides uncertainty in global climate policy, Russian tardiness
with respect to the creation of basic conditions for the accomplishment of JI projects and a general apathy to energy
efficiency and climate change caused a considerable delay
in JI project implementation. In addition, transaction barriers limit investments and transfers. These barriers relate to
capital, information, infrastructure, market institutions, human resource capabilities, institutional incentives and the
political and regulatory environment.
Nevertheless, irrespective of the development of the world
climate dialogue post-2012, these issues have to be addressed by companies as soon as possible in order to sustain competitiveness on the long-run path to a low-carbon
economy. Closer collaboration between European and Russian companies would improve the efficiency of energy use
and hence reduce the Russian carbon footprint. Collaboration would also increase the scope for FDI and free up more
energy for export, which serve both European and Russian
interests.
To overcome transaction barriers and to sustain on the
Russian market, new types of energy efficiency and carbon
mitigation projects as well as new business models must
be elaborated. Those models need to be flexible enough
to allow constantly to adapt to such a range of market opportunities and risks. In this context, market intermediation
is getting important in the long-term, because it provides
knowledge, information, skills, services and financing for
removal of these barriers. Energy Service Companies (ESCOs) can play a crucial role in this process. First, through
energy performance contracting, the ESCO improves energy

efficiency and accepts project performance risk. Second, it
arranges project financing and takes on customer credit or
financial risk. Third, ESCOs with proper qualifications can
ensure provision of qualified and reliable service. Multinational ESCOs have had successes in developed countries
like the U.S.A. and Canada, and in developing/transition
countries like South Korea. In Russia, in contrast, ESCO activities are still nascent, due to the above-mentioned barriers as well as high risk and transaction costs. To date, there
is no comprehensive review of the ESCO industry in Russia
and minimal scientific work that is widely and internationally accessible. This research project aims at filling some
part of this lacuna.

model under uncertainty, which accounts for the potential
role of ESCOs. The model will include business and financing
aspects of JI post-2012. Finally, the conceptual framework
and the models will be applied to selected energy projects,
such as conversion from OCGT to CCGT, waste to energy,
landfill gas, and biomass co-firing. Overall, this project will
provide potential market entrants into Russia with valuable
guidance regarding project/technology choice and their
strategic management decisions.

Even though greater energy efficiency and carbon mitigation provide “win-win” benefits for the environment, the
economy, development, and energy security, questions remain about how to initiate, develop, finance and sustain
cooperation between European countries and Russia, especially in the post-2012 period.

Frankhauser S., Lavric L. (2003). The Investment Climate for
Climate Investment: Joint Implementation in Transition
Countries, European Bank for Reconstruction and Development, One Exchange Square, London, Working Paper 77,
January.

We define several aims and procedures for this research
project. The first objective is to understand the current uncertainty about further development in climate policy. The
second objective is to develop new types of energy efficiency and carbon footprint mitigation projects geared to the
Russian conditions (independently of the development of
Kyoto Protocol proceedings). Essential to this is the development of alternative financing mechanisms to facilitate
FDI in such projects post-2012. Operationally, we will first
undertake a detailed survey of the relevant scientific and
non-scientific literature. Second, we will conduct target interviews with and a survey of executives from foreign and
domestic companies (including ESCOs) active in the Russian market. If possible we will also interview the relevant
Russian authorities. This will lead to a better understanding
of the barriers and drivers inherent in carbon mitigation
and energy efficiency projects, as well as expected future
market and energy/climate policy developments. Based on
the results of our research, we will develop an investment
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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.
For a long time individual preferences, decisions and choices of economic agents has 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.
MOBILITY
Motorized individual transport strongly contributes to global CO2 emissions, due to its intensive usage of fossil fuels.
In 2006, for example, passenger cars account for approximately 12 percent of total CO2 emissions within the EU-15.
In order to reduce both oil dependency and CO2 emissions,
the EU aims at increasing fuel efficiency of cars and substituting traditional automotive fuels by “greener” alternatives, like biofuels, LPG/CNG, hydrogen, or electricity. Part of
the EU’s strategy is a regulation which sets emission performance standards for new passenger cars registered in
the EU. Given the EU’s objectives and strategy it is, however,
crucial to provide sufficient refueling infrastructure for car
drivers.
In this doctoral research a choice experiment concerning
car choices was conducted Germany-wide. Based on the
survey data, we study econometrically the impact of service
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station availability on the demand for alternative-fuel vehicles. Using a discrete choice model, we simulate choice
probabilities for passenger cars running on alternative fuels, depending on the size of the underlying service station
network. Moreover, we examine whether CO2 emissions per
kilometer is a relevant attribute in car choices and estimate
related willingness to pay (WTP) measures.
ENERGY USE IN DWELLINGS
The residential building sector is a major emitter of the
greenhouse gas CO2 due to the high energy demand for
electricity and heating, particularly in industrialized countries. In Germany, for example, approximately 30 percent of
the total energy produced is consumed in residential buildings, with space (74 percent) and water heating (11 percent)
dominating.
Given the European Union Greenhouse Gas Emission Trading System (EU ETS), decentralized heat generation is of
particular relevance for future climate policy. Unlike electricity and district heating, emissions arising from decentralized heat generation are not covered by the EU ETS. Therefore, measures to save heat energy in residential buildings
are likely to result in effective CO2 abatement and not just
in a shift of emissions. In view of an annual refurbishment
rate of approximately one to two percent, there is still considerable energy-saving potential. However, German regulations currently in force mostly prescribe standards, and thus
ignore individual preferences.
In order to know house owners’ preferences on heating and
insulation technologies and to learn more about their decisions we conducted a choice experiment concerning energy retrofits for existing houses in Germany. The sample
consists solely of owner-occupiers of single-family detached
houses, semidetached houses and row houses. In the experiment, participating house owners could either choose

a modern heating system or an improved thermal insulation for their house. Unlike previous studies, we explicitly
included both cost and environmental benefits of energysaving measures.
In particular, we find environmental benefits to have a significant impact on choices of heating systems. However,
they play no role in terms of insulation choices. We further
obtain substantial WTP measures for CO2 savings (see Figure 1). Therefore, we conclude that house owners are aware
of their responsibility and willing to contribute to climate
protection. However, there are a lot of uncertainties which
hinder investments in energy-efficient technologies in the
real world, but which were abstracted in the experiment.
Our results suggest that future policies should address the
market failure of information asymmetry and reduce related uncertainties as far as possible, rather than implement
further and stricter standards.
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Fig. 1: WTP for an increase of one percentage point in CO2 savings for the heating system alternative,
based on energy-savings per year
Source: FCN (own calculation)
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CREDIT RISK MITIGATION WITH MARGINING AND IMPACTS
ON POWER PLANT VALUATION
As part of the doctoral research of Joachim Lang of E.ON, we
investigate the impacts of a stronger collateralization policy
on all European derivatives markets on European utilities
and their underlying power plant portfolios. So far, the following studies have been completed.
1. Relevance of risk capital and margining for the valuation
of power plants: cash requirements for credit risk mitigation (Lang and Madlener, 2010a)
In a first assessment of the topic, we analyze the collateralization requirements for power plants by applying the margining rules of the European Commodity Clearing AG (ECC,
2008, 2009) on coal- and gas-fired power plants, and the sale
of outright power in the German market in a simplified way.
As a starting point, we determine expected load factors per
plant for two subsequent years based on given EEX data
for commodity prices. We apply different hedging strategies
to calculate the open positions that would have had to be
covered with collaterals. Moreover, we consider netting possibilities between short and long positions in accordance
with the ECC rules. The foci of our studies are particularly
geared towards questions of power plant valuation, portfolio optimization, and portfolio selection problems for power
plants under recognition of liquidity constraints. In this
study, we strive for a deeper understanding of the effects
of credit risks mitigation via margining on the cashflow of
power plants, and the resulting risk capital needs. Moreover,
we determine the major impact factors on the total margin
requirements with respect to different hedging strategies.
Also, we illustrate the differences between the fuel types
and the correlation of margining requirements vs. the underlying commodity price developments. Finally, we analyze
in which way the mitigation of credit risk with margining
has to be recognized for investment decisions or, more generally, for the management of financial resources of utility
companies.
2. Cost evaluation of credit risk securitization in the electricity industry: Credit default acceptance vs. margining costs
(Bellmann, 2010; Bellmann et al., 2010)
A further sub-study explores the impact of margining on
the financial costs in comparison to the direct management and the intentional acceptance of credit risk. For this
purpose we evaluate the losses due to defaulting business
partners with the interest requirements of the cash reserve
cushion for an assumed margining account. We compare a

144

Research: Project Descriptions

scenario that assumes 100 % margining with a scenario in
which none of the credit risk is collateralized. We test the
robustness of our model through the use of sensitivities on
commodity prices, partner structure of the sales/purchase
portfolios, and the underlying fuel mix. The results suggest
that the use of margining in the electricity industry is significantly more expensive than the potential costs of defaulting counterparties. According to the employed model,
the introduction of centralized clearing, and with this, the
necessity to collateralize all trades, will significantly burden
the utilities sector. It was found that both in the short and
the long run it is cheaper for companies to accept and bear
the credit risk, rather than to bear the arising costs of margining.
3. Portfolio optimization for power plants: the impact of
credit risk mitigation with margining (Lang and Madlener,
2010b)
The introduction of a centralized clearing mechanism enforced by regulative powers like the EU Commission has a
significant impact on the risk capital needs of the European
utilities as a consequence of further margining requirements for trading activities. In this context, we analyze the
impact of credit risk mitigation via margining on the optimal portfolio selection for power plants from a viewpoint
of a practitioner. For this task we simulate margining cashflows for an exemplary power plant portfolio based on the
clearing framework of the European Commodity Clearing
AG (ECC) and conduct an evaluation of an underlying asset portfolio. The resulting differences for the values, with
and without margining, are analyzed with the mean-variance portfolio approach of Markowitz (Markowitz, 1952),
to specify the consequences of margining on the efficient
frontier of possible power plant portfolios. We find that the
introduction of a centralized clearing and the consideration
of margining for power plant portfolio selection can markedly change the composition of efficient portfolios on the
efficient frontier.
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Fig. 1: Comparison of margining costs vs. cost from counterparty defaults according to model results
Source: FCN
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RELATING R&D AND INVESTMENT POLICIES TO CCS MARKET
DIFFUSION
A prime challenge for the 21st century is the limiting of global warming to 2°C through the reduction of anthropogenic
greenhouse gas emissions, formulated as a central result in
the joint Accord of the Copenhagen Conference on Climate
Change in 2009. There are several CO2 emission reduction
targets addressing this challenge, such as the EU’s commitment to a 20–30% target by 2020 or the announced 17% target of the USA.
Carbon capture and storage (CCS) is widely seen as a major
opportunity to continue fossil-fuel-based generation, while
at the same time contributing to CO2 abatement. The IEA’s
World Energy Outlook 2009 in its 450 ppm scenario predicts
that 150 GW of CCS coal capacity will be in operation by
2030 within OECD countries alone. Whereas the expectations placed on CCS are very high, the capture technology
has still not been widely proven at full scale, and technological progress has been limited in recent years, with only a
few CCS pilot power plants being operational. This presents
a key obstacle to the anticipated large-scale CCS deployment. To develop the capture technology from its current
early pilot phase towards commercial maturity, significant
public and private funding is directed towards R&D projects
and pilot power plants. However, we know little about how
this funding relates to the economics of CCS power plants
and their market diffusion. This is the main focus of this research project.
TWO-FACTOR LEARNING CURVES FOR CCS
One method to estimate the relationship between R&D
funding and technological improvement is “two-factor
learning curves” (2FLC). This approach is based on “technological learning”, the phenomenon that the unit costs of a
specific technology decrease along with its cumulative deployment, but is extended by the additional consideration
of cumulative R&D efforts. As no empirical data is available
because CCS deployment has not yet started, we empirically derive the 2FLC for the flue gas desulfurization, a SO2
scrubber technology which is similar to and hence comparable with the CO2 scrubber technology used for CCS power
plants. To this end, we use historical cost and technology
deployment and R&D levels for the time period 1970 - 2000.
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We find that the learning-by-doing rate is 7.1% and the
learning-by-researching rate 6.6%. This effectively means
that the cost reduction caused by a doubling of installed capacity is roughly the same as for a doubling of R&D efforts.
Other technologies that are currently promoted through
subsidies and other funding types, such as solar power and
wind power, have learning-by-researching rates that are 2–5
times higher than their learning-by-doing rate, indicating
advantages for R&D-driven policies over capacity-additiondriven policies. This conclusion cannot be drawn for CCS,
however, the observed learning rates are very similar, a fact
that should be considered when comparing or even applying wind and solar promotion policies to potential CCS promotion policies. The values observed are also in line with
expectations found in some of the existing literature.
THE IMPACT OF R&D AND INVESTMENT SUBSIDIES ON CCS
DIFFUSION
To analyze market deployment of CCS in dependence of
stimulation policies, we use HECTOR, a model that simulates the European electricity market bottom-up with two
policies: One provides R&D funding, addressing learning-byresearching progress. The other one provides a subsidy for
new CCS plants, reducing the investment costs by a certain
percentage. This demand-side policy promotes diffusion
and addresses learning-by-doing. Simulations of variations
in overall policy spending levels for these two policies are
run for two scenarios, covering CO2 prices of 25 €/t and 38
€/t. The results are plotted in Figure 1.
At high CO2 prices, both policies only slightly improve the
diffusion of CCS technology, and the policy type – i.e. R&D or
investment subsidies – only plays a secondary role as their
effectiveness is relatively similar, with slight advantages
for an R&D-based policy. At lower CO2 prices, the impact of
the investigated policies rises and they provide a suitable
method for improving CCS diffusion. However, even a massive policy budget cannot compensate for CO2 prices as a
key driver for CCS success. Even if €5 billion are spent annually on CCS after 2015, the technology will not reach the
capacity needed to reach commercial readiness of 21–22
GW by 2020, regardless of the policy type. In a direct com-

parison between both policies, their effectiveness is similar
at a budget below €0.5 billion p.a. Beyond that, investment
subsidies are the more effective policy type. This is due to
the logarithmic impact of R&D effort on investment costs,
which cannot compensate for the linear reduction of investment costs by the investment cost subsidy.
The overall project results show a difficult situation for
policy-makers: If CO2 prices are sufficiently high, no diffusion stimulation policies are needed in the first place. If they
are low, opportunities for specific CCS promotion policies
exist and do improve the situation, but their impact will
never outweigh the unfavorably low CO2 prices, unless extraordinarily high budgets are allocated for CCS. Aggressive
GHG reduction policies with high CO2 prices are, therefore,
of prime relevance for CCS. If CCS policies are deployed at
relatively low CO2 prices (such as 25 €/t), the impact of R&D
and investment subsidy policies on CCS diffusion is about
equally effective below €0.5 billion p.a.; beyond that, R&D
policy effectiveness stagnates, compared to a continued
linear growth for investment subsidies. In summary, we can
therefore conclude that both effects on technological learn-

ing – R&D and capacity diffusion – are very similar for CCS,
suggesting a simultaneous and balanced two-way policy.
The project results described were presented at the 33th
IAEE International Conference in Rio de Janeiro (June 6-9,
2010) and published as an FCN Working Paper. This research
is part of a larger research project on the economics of CCS
that forms the doctoral dissertation of Richard Lohwasser,
and in the course of which so far two other FCN Working
Papers could be realized (Nos. 6/2009 and 7/2009).
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Fig. 1: Share of European CCS capacity in 2025 for two different CO2 price scenarios (in %) and for two different CCS stimulation policies as a function of policy budget. Scenario name CO2-25 (CO2-38) refers to a carbon price of 25 (38) €/t in 2020
Source: Lohwasser/Madlener (2010)
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COMMUNICATION NETWORK FORMATION
This self-funded FCN research consists of both game-theoretical and empirical contributions to diverse disciplines
dealing with communication network formation. Latest projects explicitly illustrate the relevance of this topic for energy
consumers. We are targeting at top-quality academic journals. Overall, this research is aiming towards a habilitation
thesis exploring the role of communication network formation in social and economic contexts related to energy issues
and its implications for future research.
Game-theoretical contributions
Communication network formation with link specificity and
value transferability (Harmsen-van Hout et al., 2010b)
We propose a model on strategic formation of communication networks with (i) link specificity: the more direct links
somebody maintains, the less she can specify her attention per link, the lower her links’ value, while this negative
externality was previously ignored in the communication
context, and (ii) value transferability via indirect links for
informational but not for social value from communication, while this positive externality was modeled uniformly
before. Assuming only social value to isolate the impact of
link specificity, the pairwise stable set includes many nonstandard structures under high or particular combinations
of fully connected components under low link specificity. Allowing for social and informational value, the joint effect of
link specificity and value transferability reduces the stable
set to certain fragmented structures under high or the complete network under low link specificity. These extremes are
beneficial for welfare, whereas quite inefficient structures
may arise for intermediate link specificity.
Communication network formation with valuation heterogeneity
We extend the previous model by valuation heterogeneity in the sense that individuals represent different values
for their fellows or have different opinions on the values
of their fellows, like Galeotti et al. (2006) for standard communication network formation models. For example, under
high link specificity, if we assume a valuation pattern deviating from full homogeneity in the sense that there is one
agent who is valued differently than all other agents, it can
be proven that all pairwise stable communication network
structures consist of small star components and one possibly larger component without cycles containing the differing agent but not at the periphery. In particular, this com-
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ponent may be a star component with the differing agent
at the center.
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 regarding technologies as well as interaction
partners. Therefore, we are developing a game-theoretical
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 on games with endogenous
network formation, e.g., Jackson and Watts (2002). Thereafter, we will examine whether we can add to this literature
by focusing on particular characteristics of the diffusion of
competing technologies. Moreover, our results should assist
providers of new energy technologies with understanding
of their diffusion process.
Empirical contributions
Behavioral effects in individual decisions of network formation: complexity reduces payoff orientation and social preferences (Harmsen-van Hout et al., 2010a)
Network formation constitutes an important part of many
social and economic processes, but relatively little is known
about how individuals make their linking decisions in networks. This article provides an experimental investigation
of behavioral effects in individual decisions of network formation. Our findings demonstrate that the inherent complexity of the network setting makes individuals’ choices
systematically less payoff-guided and also strongly reduces
their social orientation. Furthermore, we show that specific
network complexity features aggravate the former effect.
These behavioral effects have important implications for
researchers and managers working in areas that involve
network formation.
Social structure visualization from online discussion about
energy saving
Much about energy saving by consumers can be learned
from what they tell each other about it in online discussion
fora. Therefore, we are performing an extensive case study
on the discussion platform www.energiesparhaus.at. Spe-

cifically, we visualize its communication structure among
consumers on several (levels of) subtopics. For this purpose,
we are currently writing a review of the recent literature
on social structure visualization, e.g., Trier (2008). By adding
to this literature we intend to gain new insights into the
dynamic characteristics of online consumer communication
fora as well as into the topic of consumer energy saving and
how this can be facilitated by these low-cost online communication platforms.
Experiments in endogenous network formation
Based on the game-theoretical contribution on competitive technology diffusion by endogenously and strategically
formed networks, we will perform laboratory experiments
to test (parts of) our model and to draw more specific conclusions on the role of communication network formation
in social and economic contexts and its implications for future research. More on laboratory experiments at FCN can
be found on page 136.

References:
Galeotti A., Goyal S., Kamphorst J. (2006). Network Formation
with Heterogeneous Players. Games and Economic Behavior, 54(2): 353-372.
Harmsen-van Hout M.J.W., Dellaert B.G.C., Herings P.J.-J.
(2010a). Behavioral Effects in Individual Decisions of Network Formation: Complexity Reduces Payoff Orientation
and Social Preferences, FCN Working Paper No. 5/2010, Institute for Future Energy Consumer Needs and Behavior, RWTH
Aachen University, May.
Harmsen-van Hout M.J.W., Herings P.J.-J., Dellaert B.G.C.
(2010b). Communication Network Formation with Link
Specificity and Value Transferability, FCN Working Paper No.
15/2010, Institute for Future Energy Consumer Needs and
Behavior, RWTH Aachen University, November.
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. Illustrative visualization of a communication structure
emerging under game-theoretical specifications
Source: FCN
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RENEWABLE ENERGY POLICY DESIGN
In several studies undertaken at FCN, the design and performance of renewable energy policy measures are investigated. The search for economically efficient policy instruments
aimed at promoting the diffusion of renewable energy technologies in liberalized markets has led to the introduction of
various alternative policy instruments. Since the 1990s, there
has been an intensive debate about whether a quantity
control policy (e.g. renewable energy quotas with or without
green certificate trading) is preferable compared to a price
control policy (e.g. guaranteed feed-in tariffs). Today, there
is still a substantial lack of theoretical research in this field.
Our research helps to close some of the existing gaps in the
literature.
In the doctoral research undertaken by Ilja Neustadt, which
builds upon previous theoretical work of Prof. Madlener
with Weiyu Gao, we address the design of optimal regulatory instruments in markets for electricity from renewables.
More specifically, we compare the two main renewable energy promotion schemes “guaranteed feed-in tariffs” (FIT)
and “quota-based tradable green certificates” (TGC), i.e. we
contrast price vs. quantity control policies.
More specifically, in Madlener et al. (2010), we start within
a framework of a perfectly competitive energy market and
extend the analysis for the case of market imperfection. We
find that both promotion policies are indeed equivalent in
terms of social welfare if the electricity markets are perfectly competitive. However, the price control policy dominates
the quantity control policy in terms of social welfare if the
assumption of perfect competition is relaxed.
In Madlener and Neustadt (2010), we extend the basic model by considering a perfectly competitive market with a possibility of technological innovation. Again, we contrast guaranteed FIT for electricity from renewables with TGC from
the point of view of social welfare as well as that of dynamic
efficiency. The decisions about technological innovation are
modeled in a game-theoretic framework. In terms of social
welfare, subsidy and quota policies are shown to be equivalent as in the static model (Madlener et al., 2010). The main

finding is that subsidy policies are preferable in terms of
dynamic efficiency. Further, no pre-commitment policies are
shown to be at least as good as the pre-commitment case.
In Loss (2010) we compare and contrast the promotion
policy schemes for photovoltaics in Germany and Switzerland. In particular, we contrast the two policy programs
“Erneuerbare Energien Gesetz” (EEG) and “Kostendeckende
Einspeisevergütung” (KEV) with each other. Moreover, we
analyze the influencing factors determining the level of the
feed-in tariffs granted in the two promotion schemes. Finally, we study inefficiencies in the promotion if differences
in the quality of locations are neglected, by using an Excel
calculation tool that allows us to evaluate the levelized cost
of power generation.

References:
Madlener R., Neustadt I. (2010). Renewable Energy Policy
in the Presence of Innovation: Does Government Pre-Commitment Matter?, FCN Working Paper No. 4/2010, Institute
for Future Energy Consumer Needs and Behavior, RWTH
Aachen University, April (revised June 2010).
Madlener R., Neustadt I., Zweifel P. (2008). Promoting Renewable Electricity Generation in Imperfect Markets: Price
vs. Quantity Policies, FCN Working Paper No. 1/2008, Institute for Future Energy Consumer Needs and Behavior, RWTH
Aachen University, July (revised May 2009 and December
2010).
Supervised student research (selection):
Loss T. (2010). Photovoltaikförderung in Deutschland und
der Schweiz. Study thesis, Chair of Energy Economics and
Management, Faculty of Business and Economics, RWTH
Aachen University, May.
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BUSINESS OPTIONS FOR CROSS-REGIONAL MEASUREMENT
AND METERING DEVICE OPERATORS AND SERVICES
In this research project we investigate the options for the design of cross-regional metering operation respectively metering services, and in particular the organization, cost-benefit
analysis and product design.
Thanks to the amendment of the German “Act for Liberalizing the Measuring Market for Electricity and Gas” (Gesetz zur Öffnung des Messwesens bei Strom und Gas für
Wettbewerb), grid operators are obliged to offer and to
install “smart meters” starting from 1 January 2010. Still,
it is unclear as to whether the investment and operating
costs of the new technology can be used with the currently
approved revenue cap without a loss. Moreover, increasing competition can be detected in the area of energy
services. The grid operator has to face the question of how
and whether he/she should manage this business segment
in the future and whether he/she is allowed to do so at all.

hensive cost-benefit analysis is conducted. The theoretical
foundations of our study are based on transaction cost theory and aspects of outsourcing. We examine to what extent
individual factors influence the arrangement of a national
metering point operator. In conclusion, we formulate recommendations for taking action.

Supervised student research (selection)
Jacobs J. (2010). Optionen für die Ausgestaltung eines überregionalen Messstellenbetriebs bzw. Messdienstleisters:
Organisationsformen, Kosten-Nutzen-Analyse und Produktgestaltung. Study thesis, Chair of Energy Economics and
Management, Faculty of Business and Economics, RWTH
Aachen University, March.

In this research project (Jacobs, 2010), we examine existing options and financial opportunities and risks of a grid
operator. Different scenarios are conceived and, for making
a decision that is sustainable in the long term, a compre-

Fig. 1: Development Variant 1: Business Plan of a municipal utility (excerpt)
Source: Jacobs (2010, p.41), adapted
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ECONOMICS OF CONCENTRATING SOLAR POWER PLANTS
Concentrating Solar Power (CSP) plants are a promising renewable energy technology. Their advantage in comparison
to wind turbines or photovoltaics is the easy implementation
of an energy storage, achieved by a thermal storage device,
and thus the generation of dispatchable energy.
CSP Production Forecasting System as Enabler to
Participate in Electricity Markets
Depending on the collector field size in relation to the turbine (the so-called “solar multiple”) the amount of stored energy can be sufficient to produce electricity for hours after
sunset. Still, CSP plants are not fully able to deliver a reliably
predictable electricity production due to limitations in forecasting the direct normal irradiance (DNI). Therefore, they
cannot operate on day-ahead electricity markets without
bearing the risk of high penalty payments for not achieving the predicted generation, or taking counter-measures
(e.g. being part of the portfolio of a market agent). These
penalties and measures are reducing the potential profit
of a CSP plant, reducing its competitiveness. The research
project CSP-FoSyS, funded by the European Space Agency
(ESA), aims at developing a DNI forecasting tool based on
different prediction methods, including the forecasting of
direct solar radiation via real-time satellite images. In our
research (Kraas, 2010; Kraas et al., 2010), we elaborate the
viability of such a system based on a cost-benefit analysis.
Specifically, we want to find out whether a DNI forecasting
tool can make the CSP technology more profitable and thus
more competitive to conventional power generation. The
contribution of our study consists in the access to a power
plant simulation model of a Spanish CSP plant in conjunction with the Spanish electricity market results, enabling to
examine and economically assess in-depth different parameters like prediction method, accuracy, forecasting period or
location.
Economic re-evaluation of the Desertec project
In this study (Langstädtler, 2010), we aim at investigating
the economics of the CSP project “Desertec“. More specifically, we investigate the costs, risks and uncertainties of an
initial pilot project by means of net present value analysis.
Based on this first assessment, which we have compared
with the Desertec project results (Trieb et al., 2006), development paths are investigated for deriving sequential investment options for project expansion. We find that the most
cost-effective size of an initial Desertec project comprises a
2 GW DC cable and 10 power plants with 200 MW of capacity
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each. For the pilot Desertec plant calculated, we find levelized cost of power generation and transmission that are 10
ct/kWh higher than those found in the Desertec Foundation
study. This is attributable in part due to the smaller project
size, but also due to less optimistic cost estimates on our
side. Unless marked cost reductions for CSP power plants
can be achieved in the coming years, we conclude that
the estimated budget of € 395 billion for the realization
of the entire Desertec project will likely be overrun. Finally,
we have conducted a risk analysis by means of a Monte
Carlo simulation. It confirms that the electricity generation
costs estimated by Trieb et al., 2006 may indeed be rather
optimistic, and that even minor delays in the construction
times can have a severe negative impact on the project’s
profitability. With respect to these last-mentioned findings,
investors are advised to take their spending decisions with
caution.
Impact of alternative storage technologies on the
economics of CSP plants
Deserts receive more energy from the sun in six hours than
humanity currently consumes per year. It seems attractive that the vision of commercially utilizing the potential
of the sun for the supply of electrical energy to all people
in the world becomes a reality. Utilizing renewable energy
sources for electric power at large scale is a fascinating option, in particular regarding CO2 mitigation and decreasing
dependence on fossil energy resources. However, there are
challenges that need to be tackled in order to make these
power plants cost-effective and to accommodate to specific market needs. When focusing on CSP generation it
becomes obvious that there is a need for power generation during times without solar radiation. Another aspect
is that the best market prices for the electricity produced
can only be achieved if power plants are able to deliver
electricity also during peak-load times. In order to deal with
the above-mentioned challenges, two technologies are
currently used to enhance the electric output and achieve
base-load capacity: (1) hybrid technology, using fossil fuels
for co-firing, and (2) energy storage facilities installed onsite. In this respect it is interesting to know whether and to
what extent currently employed energy storage technologies can really enhance the cost effectiveness and match
the needs of electricity markets. In this study (Minis, 2010),
we analyze and discuss the economic effects of alternative
energy storage facilities for CSP plants. We compare different thermal energy storage technologies and evaluate their
cost-effectiveness compared to hybrid co-firing technolo-

gies. By considering the volatile fossil fuel prices and the
goal to generate solar-only power, our study also analyzes
the sensitivity of the cost-effectiveness of power plants to
fossil fuel price changes, and to shed some light on the idea
of 24-hour solar-only power generation.

Supervised student research (selection):
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Fig. 1: Concentrating solar power plant
Source: Wikimedia
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ECONOMICS OF ENERGY-EFFICIENT TECHNOLOGIES
IN RESIDENTIAL BUILDINGS
In 2010, we also undertook several exploratory studies on
regulatory frameworks and the economics of energy-efficient technologies in the residential sector. Two projects
shall be summarized here. One that dealt with the cost-competitiveness of micro-systems for combined-heat-and-power
generation (micro-CHP) and the role of heat contractors, and
another one that investigated the impacts of governmental
regulation and the provision of economic incentives on the
diffusion of alternative energy-efficient technologies in new
residential buildings.
COMPETING MICRO-CHP AND THE ROLE OF HEAT CONTRACTORS
In this study (Schröder, 2010), we analyze the profitability
of CHP plants placed in residential buildings from a contractor’s point of view. First, the legal framework of governmental incentives for feeding in power, produced by CHP
systems, is discussed. The fuel-dependent governmental
subsidies, and development of relative fuel prices, influence
which fuel is the preferred one. In an investment analysis,
we investigate various existing concepts of micro-CHP systems and compare the investment cost and energy efficiencies. After choosing the most cost-effective technology, the
required incentive for the consumer to join the contract,
and the expected achievable gains for the contractor, are
discussed. In the end, the option of linking single combined
heat and power units to a virtual power plant is elaborated.
The investigation made in this study provides an overview
on the variety of factors influencing the cost-effectiveness
of micro-CHP systems. The main barriers for the cost-effectiveness of micro-CHP plants are their high investment
cost. Especially in one- and two-family households, profitable investments are only possible in few specific cases.
Even systems such as the Whispergen and the Ecopower
3.0, which are made for smaller homes, do not create positive net present values. Viable investments in CHP systems
are found to occur only in the case of an annual thermal
energy consumption of more than 35,000 kWh. The classical construction of a CHP system, covering just a small part
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of the required thermal power in addition to a peak-load
boiler, appears to be the most profitable one. It is difficult to
recommend a single CHP system as the best and most costeffective for a contractor. Our study reveals that the classic
combustion engine technologies outrange state-of-the-art
Stirling engine technology. We find further that especially
the Whispergen system, if its price decreases, will fit into
the niche for thermal energy demand below 15,000 kWh/a.
The combustion engine micro-CHP systems Green Two,
Ecopower 4.7 and Dachs SE show only minor differences in
cost-effectiveness. Differences occur for high thermal energy demands, where Green Two becomes the most favorable system. The impact of the German Cogeneration Act
(KWKG 2009) and the Renewable Energies Act (EEG 2009)
on the cost-effectiveness of micro-CHP systems is not entirely positive. The main promotion by the KWKG 2009 is the
subsidy for in-house electricity consumption and the clarification of legal issues concerning grid connection. On the
contrary, the EEG 2009 does not increase the promotion of
micro-CHP systems. The new regulation for the decoupled
production and firing of biogas and the subsidies for CHP
produced electricity might reflect good intention, but since
no market for fed-in biogas exists, the subsidies only increase the promotion of larger CHP systems with coupled
biogas production. The only micro-CHP system that is promoted by the EEG 2009 legislation is the Sunmachine. Still,
our results from the investment cost calculations are not
very promising.
An additional drawback for contractors arising from the
EEG 2009 is the apportionment. The formerly uncertain legal situation about whether or not contractors have to pay
the EEG apportionment, is solved at their disadvantage.
The new payments stipulated in the EEG 2009 significantly
decrease the additional subsidies by the KWKG 2009 for
on-site consumed CHP electricity. Our findings show that
cost-effective micro-CHP systems for thermal energy demands below 15,000 kWh/a do not yet exist. The classical
combustion engines and also the new Stirling engines are
still too expensive for this energy demand class. The fuel

cell technology might bring an interesting new development. The first micro-CHP systems based on fuel cells will
be introduced in mid-2010 and will constitute an attractive
new object for further research.
DIFFUSION OF ENERGY-EFFICIENT TECHNOLOGIES IN NEW
RESIDENTIAL BUILDINGS
Energy-efficient technologies often only diffuse the market
gradually, even though their cost-effectiveness would suggest that they ought to be appealing to a rational investor.
In this study (Hanbückers, 2010) we analyze the effects of
alternative policy instruments on energy-efficient technologies for the example of the German Energy Saving Ordinance 2009 (EnEV 2009). The EnEV 2009 limits the primary
energy demand of buildings for heating, hot water supply
and cooling. Given a certain required minimum energy efficiency, energy efficiency investments can either focus on
the building envelope or the installation systems. In comparison to the previous ordinance (EnEV 2007), EnEV 2009
stipulates a reduction in energy consumption by 30%.

Supervised student research (selection):
Hanbückers A. (2010). The Impact of Governmental Regulation and Economic Incentives on the Diffusion of Energy-Efficient Technologies in New Residential Buildings: The German Energy Saving Ordinance 2009 as an Example, Study
thesis, Chair of Energy Economics and Management, Faculty
of Business and Economics, RWTH Aachen University, July.
Schröder M. (2010). Cost Competitiveness of Competing Micro-Cogeneration Systems and the Role of Heat Contractors,
Study thesis, Chair of Energy Economics and Management,
Faculty of Business and Economics, RWTH Aachen University, February.

To analyze the choices of a rationally acting investor faced
with these regulations and incentives, we analyze a model
type house with different insulation standards and compare it with regard to investments in installation systems
and the building envelope. For different combinations of
energy generation and energy-saving technologies, a costbenefit analysis in terms of energy consumption and total
costs will be carried out. Assuming different future energy
price scenarios the most economical investment options
are pointed out, in order to deduce trends concerning the
future energy supply of residential building, compared to
the status quo. Thus the aim is to show possible influences
on energy-efficient technology diffusion in new residential
buildings caused by energy efficiency regulation.
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ECONOMICS OF WIND POWER
The importance of renewable resources, especially wind
power, in power generation mixes is undisputed. Today, wind
power provides the bulk of renewable power generation.
Over the last three years we have analyzed the economics
and risks of wind power production in different studies. In
2010 we have studied problems related to pipeline-based
power transmission from offshore wind parks, the economics of repowering, and aspects of portfolio optimization.
ECONOMICS OF PIPELINE-BASED POWER TRANSMISSION
FROM OFFSHORE WIND PARKS
In this study we investigate the economic feasibility, risks
and financing opportunities for the large-scale transmission of offshore wind power from the North Sea by means
of a Power Transmission Pipeline (PTP), that is embedded
in an undersea tunnel, and an offshore substation that is
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.
PORTFOLIO ANALYSIS of ONSHORE WIND PARKS IN GERMANY

This fuzzy portfolio approach is used to find the optimal
portfolio given an investor’s uncertain estimates of risk and
return.
REPOWERING onshore wind parks
Since most suitable wind energy sites in Germany are already being exploited, an increase in installed power can be
achieved through off-shore wind parks as well as repowering of on-shore plants, i.e. replacement of outdated installations. In this study, we have examined the economics of
repowering projects in Germany including risk. We find a
high potential of units suitable for repowering as well as
good economic conditions, making on-shore repowering a
lower-risk and lower-cost alternative compared to the development of off-shore wind energy. However, repowering
has lagged behind expectations in the past. Obstacles have
been removed by the amended Renewable Energies Act
2009 (EEG 2009), which now includes higher compensation
and less strict regulations for power increases, a change in
excise tax making repowering projects more appealing to
municipalities, and guidelines on how to deal with regulation planning.
Supervised student research:

In this study, we analyze five onshore parks in Germany by
means of portfolio theory. Portfolio optimization based on
the Markowitz approach has been applied to wind power
projects in the past. We move beyond the standard Markowitz approach by adjusting risk and return concepts through
application of fuzzy portfolio selection methods. We innovate by transferring fuzzy portfolio selection methods from
the financial domain to the energy domain, and apply it
to an onshore wind portfolio. The main idea behind fuzzy
portfolio selection is that it accounts for the uncertain estimates of decision-makers with regard to risk and return.
These estimates are expressed as membership functions.
By using this approach we move from the standard optimization paradigm to a satisficing paradigm. The satisficing paradigm accounts for the fact that many problems
are ill-structured and based on incorrect decisions due to
social and economic disturbances. In this study we use the
semi-mean absolute deviation as a downside risk measure.
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Jochemich C. (2010). Pipeline-based Power Transmission Systems for Offshore Wind Parks: Cost Analysis and Financing
Models (in German, confidential), Study thesis, Chair of Energy Economics and Management, Faculty of Business and
Economics, RWTH Aachen University, April.
Juckenack S. (2010). Determination of the Optimal Time to
Start Serial Production of Innovative Process Technologies:
The Case of the Direct Drive Wind Turbine of Siemens Wind
Power A/S. Diploma thesis, Chair of Energy Economics and
Management, Faculty of Business and Economics, RWTH
Aachen University, May.

Schumacher M. (2010). Repowering von Onshore-Windenergieanlagen (Repowering of Onshore Wind Energy Plants; in
German), Study thesis, Chair of Energy Economics and Management, Faculty of Business and Economics, RWTH Aachen
University, July.

Weber V. (2010). Fuzzy Portfoliooptimierung von OnshoreWindkraftwerken (Fuzzy Portfolio Optimization of Onshore
Wind Power Plants; in German). Study thesis, Chair of Energy Economics and Management, Faculty of Business and
Economics, RWTH Aachen University, December.

Fig.1: Onshore wind power repowering potential in Germany, 2008-2020
Source: Schumacher (2010)
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MASS CUSTOMIZATION FOR RESIDENTIAL ENERGY
RETROFITS
Construction companies in several countries, such as Japan,
the U.S., the U.K. and the Netherlands, also explore ways to
deliver high varieties in housing design to meet the diverse
environmental requirements, while at the same time reducing the complexity of variety in implementation, so that benefits from economies of scale can still be attained. In this
research project, we have developed an approach based
on mass-customization of retrofit measures for the existing housing stock that are aimed to conserve energy. Our
approach includes the analysis of different customization
choices, while at the same time retaining economies of scale,
by studying the achievable energy savings and economic
trade-offs involved.

in order to meet customer valuation and at the same time
optimizing economic impacts during the retrofit process by
leveraging on scale economies. The customer value is addressed first in our analysis of the customization elements,
given that the customer is the actual decision-maker. Economic utility is represented by the two ratings, the Expenditure Ratio (ER) and the Market Value Ratio (MVR), reflecting
both home-user- and home-owner-related utility. The analysis of the customer-specific value also includes the rebound
effect, which measures the extent to which energy efficiency technologies may lead to lower energy savings than
anticipated based on engineering calculations only, due to
behavioral and market adjustments.

Recent discussions about climate change as well as the
limited availability of energy resources bring up the subject
of rational energy use. One of the major energy consuming
sectors in almost every country is the residential sector. The
high energy consumption and the perceived large energy
reduction potential in the residential sector over the years
led to many new regulations and Demand-Side Management (DSM) policies.

The investigation of the energy end-use shows that end-use
can be differentiated by space heating, air conditioning, water heating, lighting and miscellaneous appliances. Specifically, we describe in detail what data must be gathered in
order to calculate actual energy needs. Among others, these
are climatic conditions, building type, and household size.
After determining the barriers to technology adoption that
prevent energy-efficient technology to penetrate the market, we develop a mass-customization process. This process
includes efficient information processing, scenario description, analytical calculations, and the generation of a choice
menu that offers energy-saving retrofit solutions with high
performance for the individual customer.

We find that general efficiency descriptions do not help to
integrate the best retrofit measures for a specific house,
and instead propose a four-phase procedure, as depicted in
Figure 1. In the course of the analysis, several dependencies
have to be analyzed that determine the actual energy enduse and that require a customized information acquisition.
This data acquisition represents phase 1 of the mass-customization process. Next, several energy retrofit scenarios
have to be considered (phase 2) that are then rated in an
analytical procedure (phase 3). The result is an interactive
tool which proposes a choice menu to the home-owner in
phase 4, from which the user can select a package of retrofit
measures that best fits to his or her individual behavior and
his individual house.
The approach developed in our research is based on masscustomizing technology for energy-saving retrofit measures
in the residential sector. Since buildings are highly individual, we analyzed how to mass-customize retrofit measures
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The benefit from using a mass-customization approach, as
it is demonstrated by our research, is that the home-user
participates in the design stage of bundling several energysaving retrofit measures into a package. During the process,
we focus not only on technical specifications, but also take
into account individual customer needs. The large number
of retrofit options as well as the easy identification via rating numbers provides an opportunity to combine several
options and thus to create a set of retrofit solutions that
suit a particular home, and that at the same time renders
the retrofit solutions economically attractive by applying
mass-produced subsystems or components.

In order to compile a workable mass-customization process
from this approach, the presented targets need further investigation. The modularization of energy retrofit measures
can be seen as a fundamental future research project. In
this future work, the physical decoupling of energy retrofit
measures should be further analyzed and the customer’s
ability and willingness to design a package of retrofit measures examined.

References:
Baltzer M., Tseng M., Madlener R. (2010). Mass Customization
for Residential Energy Retrofits, Proceedings of the MCP-AP
2010 – An International Conference on Mass Customization
and Personalization, December 6-8, 2010, Taipei, Taiwan.
Supervised student research:
Baltzer M. (2010). Economics and Energy Savings of Residential Retrofits: A Mass-Customisation Approach. Study
thesis, Chair of Energy Economics and Management, Faculty of Business and Economics, RWTH Aachen University,
September.

Fig. 1: Customization process
Source: Baltzer et al. (2010)
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IMPACTS OF URBANIZATION ON URBAN STRUCTURES AND
ENERGY DEMAND
In this study we investigate the impacts of urbanization on
urban structures and energy demand in developing and developed countries. We focus particularly on energy-related
mechanisms and processes associated with urbanization
and on the policy implications of these as they relate to developing and developed countries.
Since 2007, for the first time in human history, more than
half of the world’s population has lived in cities. The urbanization process is a key phenomenon of economic development, and leads to a significant concentration of human
resources, economic activities, and resource consumption
in cities. Although covering only about two percent of the
earth’s surface, cities are responsible for about 75 percent of
the world’s consumption of resources. This trend will intensify over the next decades as a consequence of high urbanization rates in Africa and, even more importantly, in Asia.
In order to estimate the impact of urbanization on energy
demand, we have to identify the different processes and
mechanisms of urbanization that substantially affect urban
structures and human behavior. Taking a closer look at cityrelated production, mobility and transport, infrastructure
and urban density, as well as private households, we find
that various mechanisms of urbanization within these sectors lead to a substantial increase in urban energy demand
and to a change in the fuel mix. The relevance of these
mechanisms differs considerably between developed and
developing countries as well as within the group of developing countries.
In view of the fact that the urban population will double
within the next 40 years in most Asian and African developing countries, cities and especially newly emerging megacities will play a key role in the development and distribution
of global energy demand. Given an urbanization elasticity
of energy per $ of GDP of about 0.47 (Jones, 1991), which
implies that a one percent increase of the urbanization rate
leads to a 0.47 percent increase in energy consumption, en-
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ergy demand as a consequence of increasing urbanization
is expected to rise by about 10.5 percent in Africa and 11.1
percent in Asia within the next 40 years. Hence, urban energy planning and urbanization management will become
future challenges of paramount importance in order to create the right framework conditions for a sustainable energy
future.
References:
Jones, D.W. (1991). How urbanization affects energy-use in
developing countries, Energy Policy, 19(7), 621-629.
Madlener R., Sunak Y. (2011). Impacts of Urbanization on
Urban Structures and Energy Demand: What Can We Learn
for Urban Energy Planning and Urbanization Management?,
Sustainable Cities and Society, 1(1): xx-yy (in press).
Supervised student research:
Sunak Y. (2010). Die Auswirkungen von Urbanisierung auf
die Energienachfrage in Entwicklungsländern, Master’s thesis, Chair and Institute of Political Science, Faculty of Arts
and Humanities, RWTH Aachen University, Chair of Energy
Economics and Management, Faculty of Business and Economics, RWTH Aachen University, March.

Fig. 1: Impacts of urbanization on urban structures and energy demand
Source: Madlener and Sunak (2011), modified
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REBOUND EFFECT AND OWNERSHIP IN THE RESIDENTIAL
HOUSEHOLD SECTOR
After introducing energy efficiency measures a change in
the residential households’ energy consumer behavior can
reduce the energy savings potential expected based on engineering-economic calculations alone. This effect is known
as “rebound effect” and, if larger than unity, can even lead
to an increase in energy consumption as a result of energy
efficiency improvements („backfire”).

References:

In this research project, we estimated the size of the direct
rebound effect for heating in German residential households (defined as a price elasticity of energy demand) using
a fixed effects econometric model. Direct rebound effects
in comparable studies on other countries range from 21%
to 43%. The data used are from a representative repeated
panel survey among some 11,000 residential households in
Germany (SOEP), provided by the German Institute of Economic Research (DIW Berlin).

Supervised student research (selection):

Madlener R., Hauertmann M. (2010). Rebound Effects in
German Residential Heating: Do Ownership and Income
Matter?, FCN Working Paper No. 1/2011, Institute for Future
Energy Consumer Needs and Behavior, RWTH Aachen University, January.

Hauertmann M. (2010). Nachweis des Rebound-Effekts für
Raumwärme in deutschen Haushalten, Study thesis, Chair
of Energy Economics and Management, Faculty of Business
and Economics, RWTH Aachen University, April.

Our study confirms the existence of a rebound effect for
each group of households considered. We find that income
and ownership matter significantly for the size of the direct rebound effect, i.e. the amount of energy consumption
“taken back” when energy efficiency rises. The estimated
rebound effects range between 12% for owners and 49%
for tenants, calling for a dedicated policy to mitigate the
rebound effect in energy efficiency policy-making. The data
sets for owners and tenants, respectively, are additionally
split by income groups (all, low, high), providing some additional insights. We suspect that the results for the household owners could be upward biased.
Overall, the results from our analysis indicate that political
measures for reaping the benefits from technical efficiency
improvements contribute to the reduction in energy demand only to a limited extent. On the basis of our results,
it becomes evident that the prevailing political measures
need to be modified accordingly.
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December 2010
15

Prof. Madlener is unanimously elected as the new
JARA-Energy Director at RWTH Aachen University.

08

On invitation by the Chair of Energy Economics
and Management (Prof. Madlener), Dr. Jens
Drillisch from the KfW Entwicklungsbank in
Frankfurt/M. gives a talk at the E.ON ERC on
“Financing of Energy Projects in Developing and
Transition Countries” (in German) as part of the
FCN seminar “Financing of Energy Investments”.

07

On invitation by the Chair of Energy Economics
and Management (Prof. Madlener), Dr. Charlie
Wilson from the Tyndall Center in the UK gives
a talk on “Is Energy Efficiency in the Home
Economically Rational? Evidence and Policy
Misconceptions” as part of the weekly Research
Seminar in Economics of the Faculty of Business
and Economics at RWTH Aachen University.

06

Prof. Madlener presents his joint work with Wilko
Rohlfs “Influence of CO2 Certificates on the Investment in Coal-Fired Power Plants with CCS: A Real
Options Analysis” at the INFORMS 2010 Conference
in Austin, Texas, November 7-10, 2010.

03

Prof. Madlener gives a talk on the “Economics
of Diffusion of New Energy Technologies” and
participates in a podium discussion at the
“Renewable Energy Conference “How to Design
Future Energy Systems” in Velden, Carinthia,
Austria.

01

Dr. Gesine Arends re-joins FCN as a Research
Associate.

October 2010
29

Prof. Madlener joins the Executive Board of the
RWTH Aachen University Environment Forum.

06

Prof. Madlener gives a talk on “Cost evaluation of
credit risk securitization in the electricity industry:
Credit default acceptance vs. margining costs”
(joint work with Enno Bellmann and Joachim
Lang) at the “Energy & Finance” International
Conference(INREC 2010), Universität DuisburgEssen, October 6-8, 2010.

05

Dr. Alva González presents his work on “Car Usage
Restrictions: Lessons from the Mexican Case” at
the VIth International Conference for Sustainable
Transport - and the XVI Latin American Conference
for Urban Public Transport, Mexico City, October
4-8, 2010.

November 2010
24

Jointly with representatives from E.ON Climate &
Renewables, Prof. Madlener and Maria Garbuzova
present the aim, scope and first insights from the
recently launched 2-year project “Foreign Direct
Investment in Carbon Footprint Projects: The Case
of the Russian Energy Market Post-2012” at the
Kick-off Meeting at E.ON in Dusseldorf.

23

On invitation by the Chair of Energy Economics
and Management (Prof. Madlener), Dr. Gaurav
Ghosh (FCN) presents his work on “SNAP Efficacy
and Food Access – A Nationwide Spatial Analysis”
in the weekly Research Seminar in Economics of
the Faculty of Business and Economics at RWTH
Aachen University.

23

On invitation by the Chair of Energy Economics
and Management (Prof. Madlener), Dr. Walter
Reitler, CR Manager of the Market Unit Central
Europe of E.ON and Avisory Board Member of the
E.ON AG and the E.ON Energie AG, gives a talk on
“E.ON’s Corporate Responsibility Strategy” as
part of the E.ON ERC Colloquium.

September 2010
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23

Prof. Madlener, as External Examiner, joins the
Examination Board for the PhD defense of
Marc Dijk on his thesis “Innovation in Car Mobility:
Co-Evolution of Demand and Supply under
Sustainability Pressures”, Maastricht University,
September 23, 2010.

23

• “Influence of CO2 Certificates on the Investment
in Coal-Fired Power Plants with Carbon Capture
and Storage: A Real Options Analysis”
(Rohlfs W., Madlener R.)

Prof. Madlener gives a talk to a group of PhD
students on aspects related to the “Diffusion of
Technological Innovation, Business Models, and
the Modeling of the Economics and Environmental Impacts of Plug-in Hybrid Electric Vehicles” at
the IDEA League Mobility Summer School 2010
“IDEAs and visions for future mobility concepts”,
RWTH Aachen University, September 20-24, 2010.

• “Relevance of Risk Capital and Margining for the
Valuation of Power Plants: Cash Requirements
for Credit Risk Mitigation” (Lang J., Madlener R.)

17

Prof. Madlener gives a talk on “Steigerung der
Energieeffizienz: Problem oder Lösung?” at
the Swiss Energy Foundation’s Annual
Conference (SES-Fachtagung), Zurich, Switzerland,
September 17, 2010.

20

16

Dr. Gaurav Ghosh presents the paper “SNAP
Efficacy and Food Access - A Nationwide Spatial
Analysis” (co-authored with Dr. Alessandro
Bonanno, Penn State) at the 1st Joint EAAE / AAEA
Seminar, “The Economics of Food, Food Choice and
Health”, Freising, Germany, September 15-17, 2010.

July 2010

11

Prof. Madlener joins the Scientific Committee of
the 9th International Conference of the European
Society for Ecological Economics “Advancing
Ecological Economics: Theories and Practices”
(ESEE 2011), Bogazici University, Istanbul, Turkey,
June 14-17, 2011.

12-14

30

Dr. Gaurav Ghosh presents two papers at the 4th
World Conference for Environmental and Resource
Economists in Montreal, Canada, June 28 - July 2
2010. The papers were “Emissions Trading when
Pollution Loads are Stochastic and Unmeasurable”
(co-authored with Dr. James Shortle, Penn State)
and “An Experimental Comparison of Two Markets
for Controlling Nonpoint Source Pollution” (co-authored with Drs. Anthony Kwasnica and James
Shortle, Penn State).

24-25

Prof. Madlener presents recent research with
Christoph Mazur on the operational cost and
environmental impacts of Plug-in Hybrid Electric
Vehicles, and acts as a discussant on a paper on
gasprice convergence at the 3rd Empirical
Modelling in Energy Economics Conference (EMEE
2010), Guildford/UK.

FCN staff and external PhD candidates attend the
11th IAEE European Conference “Energy Economy,
Policies and Supply Security: Surviving the Global
Economic Crisis” in Vilnius, Lithuania, August 25-28,
2010 with the following four presentations:
• “Doing More with Less: Virtues and Fallacies of
Energy Efficiency in a Constrained World”
(Madlener R., dual plenary session)
• “Use of Modern Portfolio Theory to Optimize the
Power Generation Mix at the Company Level:
Impact of a New Investment”
(Madlener R., Glensk B.)

Prof. Madlener and Dr. Glensk present their work
on portfolio optimization of power generation
assets, and also the research of Prof. Madlener
with Christoph Mazur on PHEV mobility (impact
on power generation and PHEV running costs,
load shifting, and pollutant emissions) at the 24th
European Conference on Operational Research
(EURO XXIV) in Lisbon, Portugal.

June 2010

August 2009
25-28

Prof. Dr.-Ing. Gürkan Kumbaroğlu, Associate
Professor at the Department of Industrial
Engineering, Bogazici University, Istanbul, joins
FCN for one year as a Visiting Professor.
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18

FCN celebrates its 3rd Anniversary with an Open
Day event and invited guests from industry and
academia.

15

Dr. Gaurav Ghosh presents the paper “An Economic Experiment to Evaluate Two Markets for Pollution” (co-authored with Drs. Anthony Kwasnica
and James Shortle, Penn State) at the weekly
Agricultural Economics seminar Georg-AugustUniversität in Göttingen, June 15, 2010.

11

Dr. Marjolein Harmsen-van Hout presents a paper
on “Behavioral Effects in Individual Decisions of
Network Formation: Complexity Reduces Payoff
Maximization and Social Preferences” at the 3rd
Maastricht Behavioral and Experimental Economics Symposium - Theory and Experiments
(MBEES 2010), Maastricht University.

6-9

27

Prof. Madlener gives a keynote speech on “Metering & Measurement Facilities as Enabling Technologies for Smart Electricity Grids in Europe” at the
World Conference on Information Technology
“Challenges of Change” (WCIT 2010), RAI
Amsterdam, May 25-27, 2010.

18

On invitation by the Chair of Energy Economics
and Management (Prof. Madlener), Prof.
Peter Zweifel, University of Zurich presents his
work on “Russian Gas to Western Europe: GameTheoretic Analysis” (with I. Neustadt and
S. Schirillo) in the weekly Research Seminar in Economics of the Faculty of Business and Economics
at RWTH Aachen University.

11

On invitation by the Chair of Energy Economics
and Management (Prof. Madlener), Dr. Marjolein
Harmsen-van Hout (FCN) presents her work on
“Communication Network Formation: A Game-Theoretic Model and a Behavioral Experiment” in the
weekly Research Seminar in Economics of the Faculty of Business and Economics at RWTH Aachen
University.

7

Günther Westner (external PhD cand.) presents
part of his PhD research on “Investments in New
Power Plants: The Benefit of CHP Generation in
Comparison to Condensing Plants” at the 8th GEE
Student Workshop, ZEW Mannheim (jointly with
Prof. R. Madlener).

FCN staff and students present the following
papers at the 33rd International Association for
Energy Economics International Conference (IAEE
2010) in Rio de Janeiro, June 6-9, 2010:
• “The Impact of CHP on Power Generation Portfolios - A Portfolio Analysis Based on Technological and Regional Aspects” (Westner G.,
Madlener R.)
• “Assessing the Power Sector-Related
Environmental and Cost Impacts of Plug-In
Hybrid Electric Vehicles in Germany”
(Madlener R., Mazur C.)

April 2010
• “Policies to Scale CCS from Demonstration to
Commercial Phase in Europe”
(Lohwasser R., Madlener R.)

28

On invitation by the Chair of Energy Economics
and Management (Prof. Madlener), Dr. Andreas
Brors of E.ON RuhrEnergie GmbH gives a presentation on the “Impact of CO2 Emission Trading on
the Economics of Power Generation” at the E.ON
ERC Colloquium.

22

FCN, together with other E.ON ERC Institutes,
hosts a group of school girls as a part of the
“Girls’ Day” at RWTH Aachen University.

May 2009
28
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Prof. Häußling and Prof. Madlener organize a
Zukunftswerkstatt (participative stakeholder
workshop) on the “Smart Home Vision”, Super C,
RWTH Aachen University.
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Prof. Madlener had the following contributions at
the ICAE 2010 in Singapore:
• “Development Trends and Economics of Concentrating Solar Power Generation Technologies: A
Comparative Analysis” (Madlener R., Mathar T.)

1

February 2010
12

• “Centralized and Integrated Decentralized
Compressed Air Energy Storage for Enhanced
Grid Integration of Wind Power”
(Madlener R., Latz J.)
16

FCN participates in the 2010 ENERDAY Conference
at TU Dresden (“5th Conference on Energy
Economics and Technology”) with three contributions:

• “Relevance of Risk Capital and Margining for the
Valuation of Power Plants: Cash Requirements
for Credit Risk Mitigation” (Lang J., Madlener R.)

Prof. Madlener gives a presentation on “Economic
Merits of Biomass Co-Firing in New Hard Coal
Power Plants in Germany” at the International
Workshop “Understanding Strategic Choices for
Renewable Energy Investments”, St. Gallen,
Switzerland, February 10-12, 2010.

January 2010
19

Prof. Madlener gives a presentation on “Details
on Heat Technologies, Learning Curves, Investments and Capacity Expansion” (in German)
at the Final Project Workshop of the “e-co” project
on “Economic Impacts of Sustainable Energy
Consumption”, Vienna, Austria, January 19, 2010.

15

Prof. Madlener gives a presentation on “Economic
Analysis of the Adoption and Diffusion of Plug-in
Hybrid Electric Vehicles” (in German) at the FGLA
Colloquium “Electric Mobility”, RWTH Aachen
University (Super C), January 15, 2010.

• “An Assessment of the Impacts of Network
Externalities on the Development of Smart Grid
Infrastructures” (Dederichs T., Madlener R.
Schnettler A.)
• “The Impact of CHP on Power Generation
Portfolios - A Portfolio Analysis Based on Tchnological and Regional Aspects”
(Westner G., Madlener R.)

Maria Garbuzova and Yasin Sunack join FCN as
Research Associates.

March 2010
24

PhD cand. Joachim Lang presents his first paper
on “Relevance of Risk Capital and Margining
for the Valuation of Power Plants: Cash Requirements for Credit Risk Mitigation” at the E.ON ERC
Research Colloquium.

9

Prof. Madlener delivers a talk on “Innovation and
Acceptance: The Energy Economics Perspective”
at the 1st JARA-Energy Conference, Eurogress,
Aachen, March 8-9, 2010.
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Institute For Applied
Geophysics and
geothermal energy

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

Preface
After the move into the new ERC building, 2010 has been
the first full year in our beautiful, new and convenient offices and functional laboratories. In particular for us at the
Institute for Applied Geophysics and Geothermal Energy
(GGE) at the E.ON ERC this has been a substantial upgrade
in infrastructure. Consolidation also took place with regard to staff and projects, with relatively little change
occurring over the year. However, at the end of this year
some major projects will come to a successful end and
some core staff members will move on to new challenges.
In our teaching, we continue to contribute to both the
German-language geoscience programs at RWTH Aachen
(www.fgeo.rwth-aachen.de) and the English-language
M.Sc. program Applied Geophysics which is implemented
jointly with the IDEA-league partner universities TU Delft
and ETH Zürich (http://www.idealeague.org/geophysics).
The German-Language RWTH Aachen B.Sc./M.Sc. programs Georesources Management and Applied Geosciences enjoy great popularity. This is documented by on
the order of 200 and 100 applications for the fall term
2009/2010, respectively, competing for only 40 openings
in each of the two inscription-restricted B.Sc. programs.
Equally popular, the Joint IDEA-League Master program in
Applied Geophysics welcomed 24 students for the period
2010-2012 selected among over 100 applicants.
The newly formed “Geo-Network ABC/J” (Geoverbund
ABC/J) (https://icg4geo.icg.kfa-juelich.de) between the
Universities Bonn, Cologne, RWTH Aachen, and the Federal
Research Center Jülich is preparing an application for a
Graduate School to be submitted for funding in the coming second term of the Ger-man federal government’s “Excellence Initiative”
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
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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 funds for these projects were granted by the German Science Foundation (DFG), federal government, and
German and international industry partners.
In 2010, the research activities within GGE were communicated and documented in 20 oral and 29 poster presentations in national and international conferences; 7
peer reviewed contributions to international journals and
monographs; 10 Bachelor (B.Sc. Georesources Management or Applied Geoscience), and 4 Master or Diploma
theses (M.Sc. Applied Geophysics; Dipl.-Phys; Dipl.-Geol).
In the current reporting period, three research projects
came to a successful end, among them two major ones
concerned with (a) development of improved technology
for prospecting developing and operating geothermal reservoirs and (b) characterizing flow and transport properties in geological media partially saturated with gas and
water.
After having made significant contributions to several
projects both in the proposal and active phase, senior researcher Dr. Roland Blaschek will move on to new challenges in industry. Our geo-archeaology project in Mongolia culminated in 2010 in a second, three-week field
trip to Mongolia for geoelectrical and georadar measurements performed by students Sonja Mackens and Sebastian Storandt and senior and junior researchers Dr. Norbert Klitzsch and Christoph Grützner, respectively. As the
project is coming to a successful end, Christoph Grützner
will leave GGE by the end of 2010. After having completed journal papers on their theses with geophysical topics supervised by GGE, two of our graduates in geology
and physics, Christian Kosack and Eugen Wiens, move on
to new positions in industry and academia. We wish all

those having left us by the end of 2010 the very best for
their future! Finally, after ten years of continuous service
at RWTH Aachen University, the GGE director took a sabbatical leave during the academic winter term from November 2009 to March 2010 which he spent at Stanford
University (USA) and the Australian Universities at Perth,
Adelaide, and Melbourne.
GGE continues to assume an active role in the Collaborative Research Centre TR32 (http://tr32.uni-koeln.de/index.
php) between the Research Center Jülich and the universities in Aachen, Bonn and Cologne which just won funding
for a second four-year phase. With regard to the Initiative
for Excellence of the German federal and state governments, GGE is involved actively in the proposal for the
second phase of the Graduate School Aachen Institute of
Advanced Studies in Computational Engineering Science
(AICES) (http://www.aices.rwth-aachen.de) as well as
in the sections Energy and High Performance Computation of the Jülich-Aachen Research Alliance (JARA) (http://
www.jara.org).

Some of the achievements of our institute required
stretching our resources and infrastructure to the limit.
However, growing integration into the E.ON ERC and the
convenient and functional infrastructure in the new building provided additional support. At the end of an eventful and exciting year I express my sincere ap-preciation
to all individual members of staff who contributed their
energy and enthusiasm to our joint efforts and achievements! With special gratitude I thank my colleagues Jan
van der Kruk, and Norbert Klitzsch for taking over my lectures during my sabbatical leave and to our secretaries
Ute Kreutz and Sandra Krause as well as the entire GGE
staff for make this sabbatical possible without any frictional losses.

With respect to individual achievements and events, we
are happy to congratulate our alumnus Christian Kosack
for receiving an Young Scientist Award from the German
Geothermische Vereinigung (GtV) for Diploma Thesis titled
“Inverse modeling of the 2005 tracer circulation test” at
Soultz-sous-Forêts, France”, an our trainee Natalia Günther
who successfully completed her vocational training as a
Mathematical Software Engineer (MATSE). Our best wishes and congratulations go to our young researcher Ines
Rick née Draeger who became married.

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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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, Jaouad Doghmi, Christoph Grützner, Norbert Klitzsch,
Oliver Mohnke, Renate Pechnig, Eugen Wiens
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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=de

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;

•

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.

www.eonerc.rwth-aachen.de/ca/c/sww/?lang=en
For measurements on rock samples under elevated pressure and temperature new laboratory equipment is currently under construction. A permeameter (a device for
measuring hydraulic conductivity or permeability) is already available. Instruments for measuring sonic and electric rock properties under elevated pressure are still under
construction.

Contact
Dr. Norbert Klitzsch
T +49(0)241 80 49887
F +49(0)241 80 49889
nklitzsch@eonerc.rwth-aachen.de
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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. While Prof. Clauser was on sabbatical during winter
term 2009/ 2010, GGE got strong support from Prof. Jan van
der Kruk (Hydrogeophysics, Research Center Jülich), who replaced Prof. Clauser in some courses during that period.
The bachelor and master programs “Applied Geosciences“
provide interdisciplinary training in a wide scope of geosciences. The curriculum focuses on today‘s demands specified
by industry and academia regarding, for instance, providing
sufficient mineral and energy resources with a view on understanding the relevant processes in the system Earth. Among
these programs, the B.Sc. program „Georesources Management“ has seen a tremendous increase in inscriptions of
more than 180 in the winter term 2007/ 2008 compared to
about 60 in “Applied Geosciences. While this documents the
appeal of both programs, this overstretches the resources by
far and admission had to be limited to 40 students in each
of the two programs starting with winter term 2008/2009.
Also in 2010, admission capacity was 100 %. While many B.Sc.
graduates continue in the consecutive M.Sc. programs Applied Geosciences and Georessources Management, external
graduates are also appealed.
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The IDEA League Joint Master in Applied Geophysics (http://
www.idealeague.org/geophysics) established in 2006 as a
joint program between the IDEA-League partners Delft Technical University (TUD), Swiss Federal Institute of Technology
Zurich (ETHZ), and RWTH Aachen University continues to experience increased interest from both students and industry
with inscriptions rising from 6 in 2006, 18 in 2007, 16 in 2008,
24 in 2009 to 26 inscriptions in 2010.
In 2010 the “Applied Geophysics” program changed its way of
performance from block courses to the regular RWTH term
system. Consequently, some RWTH-Applied Geosciences
M.Sc. courses could be synchronized with IDEA-Applied Geophysics courses. As a result, both groups of students benefit
either from new elective courses or from joining classes with
a high number of international participants with English as
official teaching language.
The interest of industry (Enel, E.ON, RWE Dea, Shell, StatoilHydro, Wintershall) continues to be demonstrated by supporting
the program with stipends as well as projects for master thesis topics performed in collaboration between industry and
university. The program’s annual report 2010 was evaluated
by an international committee of representatives from worldwide active exploration companies. This evaluation certifies
highest recognition to the program. The committee evaluates
the study course as a world wide leading programme in the
education of applied geophysics with high profile in both industry and academia.

courses
b.sc. AnGeWAndte GeoWIssenschAFten/ b.sc. GeoressourcenmAnAGement
Winter Term 2009/2010

tItle

lecturer

Einführung in die Geophysik

Dr. Frank Bosch

+

L2, E2, Tut4

Grundlagen der angewandten Geophysik I
(Seismik, Gravimetrie)

Prof. Dr. Jan van der Kruk
Dr. Norbert Klitzsch

+

L4, E2

Offenes Diplomanden- und Doktoranden-Seminar

Dr. Frank Bosch

+

Anleitung zum selbständigen wissenschaftlichen Prof. Dr. Christoph Clauser
Arbeiten

de

en

+

+

sppW

S2
Tut2

Summer Term 2010
tItle
Grundlagen der Angewandten Geophysik
(Magnetik, Geoelektrik, Elektromagnetik)

lecturer
II Dr. Roland Blaschek
Dr. Norbert Klitzsch
Prof. Jan van der Kruk

de

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

+

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 Term 2010/2011

tItle

lecturer

Einführung in die Geophysik

Dr. Frank Bosch

+

L2, E2, Tut4

Grundlagen der angewandten Geophysik I
(Seismik, Gravimetrie)

Prof. Dr. Christoph Clauser
Prof. Jan van der Kruk

+

L4, E2

Offenes Diplomanden- und Doktoranden-Seminar

Dr. Frank Bosch

+

Anleitung zum selbständigen wissenschaftlichen Prof. Dr. Christoph Clauser
Arbeiten

de

en

+

+

sppW

S2
Tut2

m.sc. AnGeWAndte GeoWIssenschAFten (AGW)
IdeA leAGue JoInt m.sc In ApplIed GeophysIcs (AGp) (collAborAtIon oF eth zurIch, tu delFt
And rWth AAchen unIVersIty)
Winter Term 2010/2011

tItle

lecturer

de

en

sppW

Strömungs- und Transportmodellierung

Dr. Roland Blaschek

+

L/E2

Projektarbeit Numerische Modellierung (AGW)

Dr. Roland Blaschek
Dipl.-Geol. Thomas Demmel

+

L/E2

Petrophysics (APG + AGW)

Dr. Frank Bosch
Dr. Bernd Krooß

+

+

L/E2

Geophysical Logging and Loginterpretation
(APG + AGW)

Dr. Frank Bosch
Dr. Renate Pechnig

+

+

L/E2

Geothermics (APG)

Prof. Dr. Christoph Clauser

Geophysics Special Methods: NMR and SIP (APG)

Dr. Sabina Haber-Pohlmeier
Dr. Norbert Klitzsch

+
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L/E
+

L/E

Summer Term 2010

tItle

lecturer

de

en

sppW

Angewandte Geothermik (AGW)

Prof. Dr. Christoph Clauser

+

tItle

lecturer

de

Strömungs- und Transportmodellierung

Dr. Roland Blaschek

+

L/E2

Projektarbeit Numerische Modellierung (AGW)

Dr. Roland Blaschek
Dipl.-Geol. Thomas Demmel

+

L/E2

L/E2

Winter Term 2010/2011

en

sppW

Petrophysics (APG + AGW)

Dr. Frank Bosch
Dr. Bernd Krooß

+

L/E2

Geophysical Logging and Loginterpretation
(APG + AGW)

Dr. Frank Bosch
Dr. Renate Pechnig

+

L/E2

Geothermics (APG)

Prof. Dr. Christoph Clauser

Geophysics Special Methods: NMR and SIP (APG)

Dr. Sabina Haber-Pohlmeier
Dr. Norbert Klitzsch

+
L/E
+

L/E

LEGEND:
DE: Course language German
EN: Course language English
SS: Summer Semester
WS: Winter Semester
SPPW: Semester periods per week

L: Lecture
E: Exercise
S: Seminar
Lab: Laboratory

Courses
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COURSES AT BACHELOR LEVEL
Introduction to Geophysics
Dr. Frank Bosch, Prof. Dr. Christoph Clauser
Introduction to Geophysics is a basic course for B.Sc. students of Applied Geosciences (2nd year) and Georesources
Management (3rd year). During one semester, it introduces
to the physics of the Earth and addresses the following
subjects in particular: radioactive dating of rocks; seismology; earthquakes and Earth‘s natural oscillations; Earth‘s
magnetic field and its variations through time; gravity and
figure of the Earth; thermal regime of the Earth. Students
deepen their understanding obtained in lectures by exercises and tutorials on the physical basics, the application
and interpretation of the different methods.
Fundamentals of Applied Geophysics I and II
Dr. Roland Blaschek, Prof. Dr. Christoph Clauser, Dr. Norbert
Klitzsch, Prof. Dr. Jan van der Kruk (Hdrogeophysics, Research
Center Jülich)
Applied Geophysics focuses on the exploration of economically attractive resources, such as hydrocarbons, ores,
groundwater, and geothermal energy, and the detection of
soil contaminations and cavities. Topics in material sciences
are touched when applied geophysicists study the structural integrity of buildings or the sealing properties of levees.
Therefore, during its two semesters, the course deals with
both the geophysical exploration methods for identifying
structures of the Earth‘s crust and the physical properties
of the different parts of the crust. It introduces geophysical
methods suitable for exploration of these different targets
and explains measurement principles and interpretation
methods. Part I covers seismic and gravity methods (Lectures: Prof. Christoph Clauser, Prof. Dr. Jan van der Kruk); 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
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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 (Part: 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 term of 2010, 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 The Netherlands and North
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 term
of 2010 visited a commercial 3D seismic survey of the geophysical service company DMT (Essen, Germany) for the
exploration of hydrocarbons in Austria near lake Attersee,
Austria. 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
active drillings for gas storage facilities complemented the
insight into seismic field surveys and highlighted their commercial context.

COURSES AT MASTER LEVEL
1. M.Sc. Angewandte Geowissenschaften (AGW)
2. IDEA League Joint M.Sc. in Applied Geophysics (APG)
Flow and Transport Modelling (AGW)
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 (AGW)
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.
Geothermics (AGW/ APG)
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 (APG)
Dr. Sabina Haber-Pohlmeier (Macromolecular 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 (AGW/ APG)
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,
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e. g. rock identification, sequence analysis, fluid and hydrocarbon identification, cross-plot and overlay techniques; basics of core-log integration, link to laboratory petrophysics,
and geochemistry; basics of petrophysical interpretations
with respect to, e. g., porosity, saturation, permeability.
The second part comprises practical examination in well
log data acquisition followed by data processing and interpretation, in particular: practice in slim hole logging; onsite
training (unit mobilization, tool calibration and data acquisition); data editing and quality control (borehole corrections,
depth matching, splicing); integration of logs with information from core or cuttings from the measured well; interpretation of the recorded data and preparation of a report.

OPEN SEMINAR
Open Geophysical 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.

Petrophysics (AGW/ APG)
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 and is carried out at the institute for Geology, Geochemistry and Reservoirs of Oil and Coal. The second part carried out at GGE
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 lab experiments could not be offered to the students without the involvement of a huge number of highly motivated GGE staff:
Dipl. Phys. Annick Fehr, Dr. Rachel Jorand, Dr. Norbert Klitzsch,
Dr. Oliver Mohnke, Maike Penz, Dr. Rainer Schütt, Dipl. Phys.
Jan Volkmann.
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.
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THESES
B.Sc. Theses
Boesing, David. 2010. Nachweis natürlicher CO2-Austritte
mittels Eigenpotential- und Geoelektrikmessungen.
Bruckmann, Johanna. 2010. Einfluss der Lithologie und Mineralogie von Rotliegendssedimenten im Nordostdeutschen
Becken (Altmark) auf ihre petrophysikalischen Eigenschaften.
Hermanns, Hannah. 2010. Charakteristika von Speichermöglichkeiten für CO2 im Untergrund - Literaturstudie.
Heske, Sven. 2010. Überwachungssysteme bei der Einspeisung von CO2 in den Untergrund - Literaturstudie.
Hoffmann, Jan-Theo. 2010. Erfassung und Auswertung von
Wärmeleitfähigkeitsdaten an Bohrkleinmaterial aus einer 5
km tiefen Bohrung im Gasfeld Hohne.
Jüngst, Florian. 2010. Erkundung von Bergbauschächten mittels geoelektrischer Methoden am Beispiel der Grube Rosalia, Aachen.

Klawitter, Matthias. 2010. Untersuchungen zu Abdichtungseigenschaften von Deckgebirgsgesteinen im Zusammenhang mit CO2-Speicherung - Literaturstudie
Lammerding, Anne. 2010. Eigenpotential- und VLF-GRADKartierung zur Lagebestimmung von Schächten des ehemaligen Erzbergbaubetriebspunktes Rosalia (Grube Georg,
Aachen Schmidthof).
Lehr, Ann-Catherine. 2010. Charakterisierung von Tight Gas
Reservoirs durch petrophysikalische Untersunchungen an
Bohrproben.
Luttermann, Robert. 2010. Test eines Halbach-Scanners für
NMR-Messungen an Bohrkleinproben.

Diploma and M.Sc. Theses
Mackens, Sonja. 2010. Kombination von kapazitiver Geoelektrik und Georadar zur Bestimmung der Sedimentarchitektur
im Orchon-Tal, Mongolei.
Weidner, Christoph. 2010. Erkundung von Klüften mittels
Geoelektrik und Eigenpotenialmethode im Warsteiner Massenkalk und deren grundwasserhydraulische Bewertung.

Study Thesis
Kemmrich, Karen, 2010. Untersuchungen zu Abdichtungseigenschaften von Deckgebirgsgesteinen im Zusammenhang
mit CO2-Speicherung - Literaturstudie
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CO2 diffusion and the sealing efficiency of fractured cap rocks
One part of the joint research project CO2Seals is to study the
sealing efficiency of fractured cap rocks above potential CO2
storage sites. It includes an integrated approach from laboratory experiments to reservoir scale numerical modelling.
The sealing efficiency of a cap rock is essential for CO2 sequestration and underground CO2 storage. Therefore, the
primary contribution of the entire project consists of an
improvement of the present quantitative understanding of
CO2 transport and retention processes and associated interactions between the cap rock, CO2, and brine (see figure).
Here, we study the effect of structural features, such as
faults and fractures in the overburden, on the migration
of CO2 by considering the mineralogical, petrophysical, and
geochemical properties of different lithotypes. For characterizing the CO2 sealing efficiency of partially fractured cap
rocks, we focus on reactions between CO2, brine, and rock
and the effect of fault and damage zones on petrophysical properties. The sealing behavior of potential cap rock
depends predominantly on the effective permeability and
is studied by both laboratory experiments and numerical
simulations.
In this context, we perform larger-scale CO2-percolation experiments on fractured cap rock samples under in-situ pressure and temperature conditions corresponding to different
CO2 storage depths. A special triaxial cell is used to perform
the high in-situ confining and hydraulic pressures up to 30
MPa and a constant temperature of 60°C.
A mixed fluid of CO2 and brine is injected into the saturated
sample through stainless tubes connected to inlets at the
bottom of the rock specimen. Assuming linear flow of the
single phase fluid under a constant pressure gradient the
Darcy`s law is used to determine the effective permeability.

First results of effective permeability measurements of the
unfractured clay sample were found to be very low in the
range of 10-22 m2 and 10-23 m2. Following this experiment,
the sample is mechanically cracked under tensile stress to
create a vertical fracture in flow direction. The fractured
sample is used to measure the post-failure permeability under defined high confining and hydraulic pressures. The first
results reveal a fast transport reaction through the fissure
system following directly the relatively low injection pressure change of 0.5 MPa with constant confining pressures.
As long as confining and fluid pressures are held constant,
the post-failure permeability ranges between low values of
10-20 m2 and 10-21 m2.
The small injection pressure increase is sufficient to open
instantly the pathways through the fault. After the minor
outflow peak, the fissures close up and the effective permeability ranges again between the previous very low values.
According to the results obtained so far, we can conclude
that a partial damage of nearly impermeable clay could induce an instable sealing efficiency. However, further experiments are necessary to validate the first results.
Using the properties determined from the percolation experiments, we simulate numerically the laboratory measurements to obtain information about the dispersion of CO2 in
the rock specimen. For simulating the effect of permeability
changes due to CO2 transport and retention processes, we
use the numerical finite difference code THOUGH2 [1], and
the implemented module ECO2N [2], which is suitable for
mixtures of water, NaCl, and CO2. With this general code, it
is possible to simulate flow of multi-component and multiphase fluids in porous and fractured media.
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In addition to characterizing the CO2 sealing efficiency of
cap rocks and core-scale simulations, potential CO2 leakage
scenarios on different size- and time-scales will be performed by numerical modeling.

The CO2 Seals project is a joint research project of RWTH
Aachen University and Karlsruhe Institute of Technology
(KIT). It is funded by the R&D program “GEOTECHNOLOGIEN”
of the BMBF (Federal Ministry of Education and Research).
Furthermore, the project is co-funded by the industrial partner Shell International Exploration and Production, Netherlands.

Fig. 1: Is the cap rock sealed? Sketch of the special focus of CO2 Seals: faults
and fractures, which may influence the permeability of cap rocks.

[1] Pruess, K. (1999): TOUGH2 User`s Guide, Version 2.0.- Earth Science Division. Lawrence Berkeley National Laboratory, University of California.
[2] Pruess, K. (2005): ECO2N: A TOUGH2 Fluid Property Module for Mixtures of Water, NaCl, and CO2.- Earth Science Division.
Lawrence Berkeley National Laboratory, University of California.
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Integrated Ocean Drilling Program, IODP
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)
and works in cooperation with the Borehole Research Group at
Lamont-Doherty Earth Observatory of Columbia University (New
York) as Logging Staff Scientists on the JOIDES Resolution. 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 of January 2010, the JOIDES Resolution carried IODP
scientists, including a GGE logging staff scientist, to the Wilkes
Land margin (IODP Expedition 318) off the coast of Antarctica.
The aim of this expedition was to investigate records of climatic
and oceanographic changes in Antarctica over the past 53 million years. Working near the Antarctic coast, the Expedition 318
team negotiated icebergs and near gale-force winds to recover
sediment samples from 1006 meters beneath the seafloor in waters as deep as 3992 meters and carry out logging operations
to broaden our understanding of the evolution and dynamics
of the Antarctic cryosphere. These sediment samples are a direct record of waxing and waning of ice in Antarctica and show
that approximately 53 million years ago Antarctica was a warm,
subtropical environment. Drilling in the Antarctic Wilkes Land
margin was designed to provide a long-term record of Antarctic glaciation and its intimate relationships with global climatic
and oceanographic change obtained from sedimentary archives
along an inshore to offshore transect. During the Expedition 318
Sampling Party at Texas A&M University in June 2010, samples
were taken from these sediments to perform additional petrophysical measurements and analysis. These results will be used
in a PhD thesis.
During June and July one GGE scientist participated in Expedition 325 Great Barrier Reef Onshore Party working in total three
weeks in the MARUM in Bremen on carrying out thermal con-

ductivity measurements and line scan images. For the onshore
part of Expedition 325 in the core repository 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 videoconferences organised by the Expedition Project Management
at Texas A&M University and the organisation meetings organised by ESO (ECORD Science Operator).
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.

Fig. 1: The JOIDES Resolution during portcall in Wellington
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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 “GeoArchaeology in the Steppes – Reconstruction of Cultural Landscapes in the Orkhon valley, Central Mongolia “, sponsored by the
German Ministry of Education and Research (BMBF).
The project brings together archaeologists of the Mongolian
Academy of Sciences and of the Rheinische Friedrich-WilhelmsUniversität Bonn, geographers of the Freie Universität Berlin,
geophysicists of the Institut für Photonische Technologien e.V.
Jena and of the Rheinisch-Westfälische Hochschule Aachen, and
geographers and engineers of the Deutsches Zentrum für Luftund Raumfahrt e.V. Berlin. Apart from geo-archaeological questions, development and adaptation of new technologies for the
special working conditions in the steppe represent an important
aim of the project.

Sedimentarchitektur im Orchontal, Mongolei” (“Combination of
capacitive-coupled geoelectrics and ground penetrating radar
for determining the sediment architecture in the Orkhon Valley,
Mongolia”) in March 2010 and analyzed the data collected in the
first field campaign. Sebastian Storandt is currently writing his
MSc. thesis on the detection of archaeological remains.

Main objects of our work were obtaining information on the
Orkhon river history, imaging sediment architecture and distribution, and prospecting archaeological sites with high-resolution shallow geophysics. Ground penetrating radar (GPR) and
capacitive-coupled resistivity (CCR) measurements were used in
the field. Theoretical studies on data inversion were conducted
and published in the Vadose Zone Journal, 2010.
From 2 - 22 May, 2010 the second and final field campaign took
place in Mongolia. Dr. Norbert Klitzsch, Dipl. Geophys. Christoph
Grützner, Dipl. Geol. Sonja Mackens, and stud. Sebastian Storandt
continued to collect GPR and CCR data along kilometre-scaled
transects in the Orkhon valley. Additionally, several archaeological objects were scanned in detail in order to gather 3D information on buried remains.
Sonja Mackens finished her diploma thesis “Kombination von
kapazitiver Geoelektrik und Georadar zur Bestimmung der

Fig. 1: Ground pentrating radar measurement interrupted by
the Orkhon river
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MeProRisk: Estimation of Hydraulic Properties in
Geothermal Reservoirs
Information on the distribution of thermal and hydraulic properties at depth is of primary concern in geothermal reservoir engineering. The aim of the MeProRisk project is to develop new
methods in seismic modelling and interpretation, numerical reservoir simulation, estimation of petrological parameters, and 3D
visualization to reduce the financial and technical risk for further
development of a geothermal reservoir. The Project is a research
cooperation of three German universities (RWTH Aachen, FU Berlin, Christian-Albrecht-University Kiel) and two private companies.

hancing the hydraulic connectivity between them. In July 2005,
a marker circulation test was performed for estimating the
achieved change in hydraulic properties. A marker with a concentration of 0.389 mol m-3 was injected into one well (GPK3)
for 19 hours and the marker concentration was monitored in
two production wells (GPK2 and GPK4) during the following 5
months (figure 1). The test evidenced a good hydraulic connection between GPK3 and GPK2, but only a weak connectivity to
GPK4.

A common strategy during the assessment of a geothermal
reservoir is to pump chemi-cally marked water in one drill hole
and retrieve it at one or more others. The time record of the
chemical concentration of the marker substance can then be
used to deduce the 3D hydraulic properties of the rock matrix
under the assumption that the dynamic proc-esses in the reservoir are reasonably well modelled. Based on an in-house mass
and heat transport numerical simulator “Shemat_suite”, various
inversion methods to estimate subsurface properties have been
adapted: a deterministic Bayesian inversion, using the method
of automatic differentiation to obtain the necessary derivatives
(Jacobian matrix), and two ensemble methods with geostatistic
pre-conditioning, massive Monte Carlo (MC), and Ensemble Kalman Filter (EnKF).

All inversion tools reveal the permeability field and the flow
paths at depth and showed a high permeability zone, the main
flow conduit for most of the marker flow (figure 2) which is assumed to be associated with the fault zone intersecting boreholes GPK2 and GPK3. The Bayesian approach leads to a perfect
fit of the data, but can only be applied for simple geometries.
The MC modelling allows investigating different nearly equally
likely reservoir conditions and the EnKF method gives the best
parameter distribution by minimizing the quadratic error, including the standard deviations with least computa-tional effort. All
approach allows quantifying the spatial distribution of the uncertainty for the estimated rock property, which is a key information for any further exploration.

The performances of the various methods have been tested
against the 2005 marker ex-periment of the European Enhanced
Geothermal System (EGS) test site at Soultz-sous-Forêts. At
Soultz three wells had been drilled into the granitic bedrock
down to 4 km – 5 km and then hydraulically fractured for en-

This project is founded by the German Federal Ministry of Education and Research (BMBF).
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Fig. 1: Chemical concentration at two drill holes during the 2005
marker experiment at Soultz-sous-Forêts and fit of the EnKF ensemble.

Fig. 2: Three possible permeability distributions and flow path
lines for the Soultz-sous-Forêts EGS geothermal reservoir, which
all the 2005 marker experiment.
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Modeling 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.
In general, a CO2 storage aquifer should meet the following
criteria in order to minimize the risk of CO2 leakage from
the subsurface:
a)
b)

c)

a storage zone with a high porosity is preferable
in order to provide a large volume,
a little permeable formation, called the cap rock,
is required on top of the storage formation to pre
vent the upward migration of CO2, and
a minimum depth of about 800 m is needed to
make sure that CO2 is at supercritical conditions,
i.e. a fluid with a gas like viscosity and a liquid
like density.

Once a site is screened, based on the storage requirements,
a geological model for the reservoir simulations needs to
be constructed. The geological model set up for this purpose should reflect the major features of the local structure.
Then, porosity and permeability obtained and derived from
geophysical borehole logs need to be assigned to the different units of the geological model. In-situ reservoir pressure

and temperature measured in wells can be used for calculating the fluid properties, such as density and viscosity of
the CO2-water system. To describe the interaction between
the porous reservoir and its fluids there will be a need to
obtain relative permeability and capillary pressure curves.
In case of lack of data, they need to be assumed. Finally, by
assigning these properties, the static geological model becomes a dynamic one which can be used in reservoir simulations for exploring the fate of CO2 according to different
injection strategies with respect to injection intervals in the
boreholes and flow rates.
To determine the quantitative model acceptance, various
types of monitoring can be used. A good match between
the model predictions and field observations will confirm
the simulations predictions. Otherwise, model adjustments
need to be made. However, in the absence of these monitoring data, an alternative option is to investigate the range of
variability and reliability of the model predictions by means
of benchmark studies. A simple benchmark problem addressing CO2 storage using a conceptual geological model
was set up. Then, different code users in our institute were
asked to obtain pressure and saturation profiles at different times. Results of this study agreed qualitatively well
but differ quantitatively. Two error sources identified were
different assignments of boundary conditions and the nonlinearity of the relative permeability curves. Thus, this problem is modified and reduced to a simpler one using linear
relative permeability curves. This study is underway.
For the benchmark study a suitable mathematical model
has been derived. This consists of a system of partial dif-

Contact
Dipl.-Math. Henrik Büsing

194

Research: Project Descriptions

T +49 (0)241 80 49907
F +49 (0)241 80 49889
hbuesing@eonerc.rwth-aachen.de

ferential equations and supplementary algebraic equations.
For the modeling of CO2 storage a fully coupled formulation
of the two-phase system seems favorable. In contrast to
other formulations this leads to a more robust approach.
The considered two-phase system can be extended to incorporate mass fractions, which allow for mutual dissolution
processes. To solve this system approximately a numerical
discretization scheme is used. This scheme has to account
for the hyperbolic contributions in the equations leading to
discontinuous solutions with sharp shock fronts.

First numerical simulations with our developed program
code, based on a two-phase system, show this behavior.
This project is funded by a research grant from the E.ON
Energy Research Center.

Fig. 1: Plume extent after injection of 60 kt of CO2 over two years. Note that for improved
visibility the axes are scaled and exaggerated differently.
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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.
Physical properties of rocks are important input parameter in
different branches of science and technology. For exploration of
hydrocarbon, geothermal, and mineral reservoirs, as well as for
nuclear waste or CO2 storage in the underground the knowledge
of lithological parameters is essential.
Pressure (p) and temperature (T) inside the earth increase with
depth. At 3000 m below surface temperature has increased to
90...100°C, the lithostatic overburden pressure reaches about 100
MPa (= 1 kBar; rock density 2500...3000 kg/m3), and pore pressure
30 MPa or more (water density 1000 kg/m3). Physical properties
of porous rocks vary strongly with ambient pressure. Porosity
and permeability decreases with pressure while the velocity of
shear- and compressional waves increases.

The properties of porous rocks vary with ambient pressure. Samples brought from deep boreholes to surface are affected by the
drilling itself and in particular by the pressure release, both results in opening of preexisting cracks and in generation of new
cracks. This changes the physical properties like permeability
and porosity. Laboratory measurements at elevated confining
pressure can downsize these effects.
For special rock formations conclusions and correlations are
drawn from measurements in laboratory under elevated pressure of a multiplicity of rock samples of these strata. Measuring
more than a single sample is important for getting results in
variation of range and in anisotropy (see permeability versus
pressure plot for samples of Rotliegendes or Buntsandstein).
Beside further development we measure rock properties with
this facility for ongoing projects.
The project is funded by a research grant from the EON.ERC.

Rocks are inhomogenous media. Generally speaking the internal
structure varies with location and depth. The description of the
internal structure, the grains and pores, can be only be approximated. Relations between two or more physical rock parameter
base upon laboratory measurements and until now are more
or less of descriptive character, or are rough estimations of the
physical effects.
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Fig. 1: Permeability measurement facility

Fig. 2: Some Permeability measurements as function of confining pressure. Rotliegend Sandstone and Buntsandstein (right
diagram and lower curves on left) from deep boreholes show very low values of permeability in relation to a fine grained
Obernkirchener Sandstone from a stone quarry. Obernkirchener Sandstone, one of our standard samples, is a very homogenious sandstone much used for buildings throughout Germany and worldwide (e.g. The White House in Washington D.C.,
Cologne Cathedral).
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Numerical analysis for characterization of subsurface CO2 fLOW 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.
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).
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. The setup is shown in Fig.1. Onto
each end of a sandstone core we installed teflon casings with
three inputs and outputs, respectively. These connections are
gold or platinum electrodes for SP measurement, tubes to a
pump with variable pressure steps between 0,05 MPa and
0,5 MPa and the pressure transducer for registrating the fluid
pressure gradient (in the background of Fig. 1). Our next tasks

Fig. 1: Laboratory setup : Sandstone core coated in a black
shrink tube with teflon casing installed onto each end of
the plug. The three connections for the pump, the electrodes
and the pressure transducer (in the back) are visible.

will be the investigation of partial saturation, the displacement of the fluid phase by any gaseous phase and the effect
of salinity to the streaming potential. First results of singlephase flow using deionized water and changing pressure
steps resulted in good agreements with analytical solutions.
In order to validate our modelling approach, we performed a
small scale experiment to test leakage scenarios on a natural
CO2 and SO2 source site situated in the South-Eifel. The equipment has been financed from an experimental fund of the
Aachener Institute for Computational Engeneering Science
(AICES). The change of the electrical response in sign and
magnitude near the source site arise out of an upstreaming
flow path (Fig. 2).
Numerical simulations for CO2 applications lead to special
challenges. A formulation of multiphase flow has been implemented in COMSOL Multiphysics, using the van Genuchten
or Brooks and Corey model to describe the permeability of
partially water-saturated rocks. Results are illustrating the injection of supercritical CO2 in a fully water saturated porous
medium showing the effect of displacing the wetting phase.
An applied pressure gradient produces the streaming current
and the coupled electrical potentials.
The project is funded by a research grant from the E.ON ERC.

Fig. 2: Field experiment at a natural CO2 source site in the south Eifel. Positive self-potential signals (black area) are caused
by an upstreaming flow path (leakage).
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nmr meAsurements on tIGht GAs rocks
In the tight gas initiative five geoscience institutes of RWTH
Aachen University and the Wintershall Holding AG work
jointly in order to improve the prospection and management of tight gas reservoirs.

For the future we aim to ameliorate our simulations and
extend them to a pore network, i.e. combining several triangular pores with different geometries.
The project is supported by Wintershall Holding AG.

In this project, we study the applicability of NMR (nuclear
magnetic resonance) for deducing gas and water content,
as well as absolute and relative gas permeability of tight
gas rocks. The latter means the permeability of a fluid phase
at partial saturation. To this end we study Rotliegend sandstone and Buntsandstein samples from a North Sea natural
gas reservoir and carry out pore scale simulations in order
to establish a link between NMR and transport properties
of reservoir rocks.
Nuclear Magnetic Resonance (NMR) relaxation measurements on rocks and in boreholes are used for a fast and
non-destructive determination of porosity, pore- size distribution, and permeability. Unfortunately, the standard interpretations apply only to fully saturated rocks and not to
rocks containing multiple fluid phases.
This project comprises three phases:
(1)
(2)

(3)

petrophysical sample characterisation,
measurement of desaturation curves (pressure
dependent saturation) and of the corresponding
(pressure dependent) NMR properties (relaxation
time distributions and diffusion coefficients),
numerical simulation of the pressure dependent
water distribution and NMR relaxation.

Until now, we measured the NMR properties of 22 fully water saturated and 15 partial air/water saturated samples
from seven different boreholes in the North Sea. We also
measured the gas permeability of 10 samples at different
confining pressures using the gas permeameter developed
in pT petrophysics project (supported by E.ON ERC gGmbH).
Currently, we are working on pore scale simulations. We
use triangular pores to simulate the water distribution and
NMR relaxation during drainage (see figure).

Fig. 1: Joint numerical simulation of pressure dependent
water content and distribution in equilateral triangles of
different sizes.
A) Geometry of triangular pores, B) desaturation curves (pressure dependent saturation) and
C) time relaxation spectra at different water saturation
levels
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Characterization of flow properties of unsaturated soils
with SIP and NMR
Structure and state of soils have considerable influence on
their flow and transport properties in particular for the vadose zone. The signal responses of both, spectral induced
polarization (SIP, the method is also known as electrical impedance spectroscopy EIS) and nuclear magnetic resonance
(NMR) are sensitive to the inner sur-faces of the water filled
pore space of soils and rocks. 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 parame-ters.
This project is embedded within the framework of the Transregional Collabora-tive Research Centre 32 (SFB TR 32) - Patterns in Soil-Vegetation-Atmosphere Sys-tems: monitoring,
modelling and data assimilation.
The first project phase completed in 2010 aimed at improving the fundamental un-derstanding of these pore scale
processes necessary to translate measured SIP and NMR
relaxometry signals into soil structural and state properties.
On the basis of finite element (FE) simulations non-empirical 3D (i) SIP and (ii) NMR pore scale models have been
developed:
(i) The influence of pore geometry and fluid chemistry
on the SIP response was deduced by simulations of the
underlying pore scale processes. (Fig 1)

In collaboration with the external project partner (iRMB, TU
Braunschweig) a joint Lattice Boltzmann multi-phase flow
and NMR simulation framework has been developed and
validated (Fig. 2b). Subsequently, the basic framework of a
joint statistical network model to jointly simulate SIP, NMR
and multi-phase flow has been set up (Fig 2c).
A proposed follow-up project in an approved second four
year phase of the has been accepted and aims at applying
and enhancing the micro-scale SIP and NMR models developed in phase I in order to derive a method to characterize water content, inner surface and transport properties of
partially saturated soils based on joint SIP and NMR measurements. We will further develop the pore-scale models
in order to study the influence of inner surface properties
(such as the surface density of paramagnetic and electrically charged particles) as well as of residual water (menisci
and films) remaining in “desaturated pores” on the NMR
and SIP responses. Besides the improved understanding of
the pore scale processes (to be inferred by the micro-scale
simulations) we want to up-scale the method for deriving
soil properties from SIP and NMR measurements to laboratory and field scale. We want to apply the developed methods to laboratory SIP and NMR data (obtained in phase I
and phase II) as well as to field data to be collected in phase
II by other subprojects of TR32.

(ii) A 3D multi-physics model has been developed to
simulate longitudinal and transverse NMR relaxation
processes at the pore scale in the presence of internal
magnetic gradients (Fig 2a). The numerical models have
been validated by analytical solutions and laboratory
experiments.

Contact
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Dr. Norbert Klitzsch
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Fig. 1: Left: Simple axial symmetric model of a pore system. Right: SIP spectra featuring low
and high frequency minima.

a)

b)

c)

Fig. 2: a) Enhanced diffusion gradient relaxation term in CPMG due to rock-fluid susceptibility contrasts in a model 2D pore
space. b) Simulated de-saturation of ref-erence sample P0 using the lattice Boltzmann method (LBM). c) subsequently designed pore network model
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Preface
Dear friends,
In this third annual report of E.ON ERC the Institute for Power Generation and Storage Systems (PGS) is presenting its
2010 activities in detail in the following pages.
Since we moved into the New Building in Mathieustraße
in November 2009, the number of researchers at PGS has
grown slightly over the past year. About 12 researchers work
on different research projects related to efficient electrical
energy conversion and storage. A high number of student
co-workers support all PhD assistants with the execution of
the projects by completing their diploma or master theses.
All available space for PGS in the New Building is fully used
and we are all eagerly looking forward to the completion of
the construction work of the new E.ON ERC Main Building.
In the new building PGS will have more space for assistants,
students and laboratory.
The scope of research at PGS was defined more precisely in
a joint strategy meeting with the Institute for Power Electronics and Electrical Drives (ISEA), of which PGS was spun
off. At the end, a clear definition of the scope of work at PGS
could be found: PGS focuses on research and innovation in
the area of electrical energy conversion (power electronics) typically at the medium voltage level, i.e. above 1000 V.
Also, high-energy stationary storage systems with storage
capacities typically above 100 kWh are a research topic at
PGS. It is PGS’s vision that all electrical energy can be supplied by renewable power sources. PGS is developing power
electronic semiconductor components, converter systems
and electrochemical storage systems to achieve this goal.
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A highlight for PGS was the successful realization and final
testing of a 6,000 V rated battery test bench. This project is
conducted as part of the E.ON International Research Initiative in cooperation with ETI of Aalborg University and the
Institute for High Voltage (IfHT) at RWTH Aachen University.
It is impressive to see the entire battery system under test,
which comprises 360 12V battery blocks to form a battery of
+/- 2.2 kV. The test bench is now being put into full operation
and will be used to analyze the impact of the high voltage
on different battery technologies and to assess their characteristics and lifetime.
In March 2010, the 250 m² PGS Test Hall was officially inaugurated. Shortly thereafter the construction of a 5 MW
high-power DC-DC-converter started. The main high-power
IGCT components were acquired and the passive components were designed. The final assembly of the converter
will take place in spring 2011. Also, to complete functionality
tests, a 250 kW medium voltage rectifier unit was specified
and ordered to provide the medium-voltage for the DC-DCconverter. In 2010, the specifications of a 5 MW high-speed
test bench were completed and submitted for approval to
the German National Science Foundation. Parallel to this,
the control and laboratory safety systems were built and
tested. It is anticipated that the equipment can be acquired
via a public offering by mid of 2011.
During 2010 several new staff members joined PGS while
others left. Jon San Sebastian and Bernard Szymanski left
after their stay back to IKERLAN and TU Warsaw, respective-

ly. Robert Lenke finished his PhD work at PGS and moved on
to Bonfiglioli Vectron GmbH. The defense of his PhD thesis
will be in 2011. After finishing their diploma theses at ISEA
and PGS, Nils Soltau and Marco Stieneker joined the PGS
research team. Also, joining the PGS team is Dr.-Ing. Hanno
Stagge, who has studied and done his doctorate at Technical University Clausthal before coming to Aachen.
At the end of 2010, chief engineer Christian Dick has left PGS
and ISEA. He has done a great contribution to the constitution of PGS and I would like to address my special thanks to
him. He is succeeded by the new PGS chief engineer Hanno
Stagge.
I would also like to thank all PGS assistants working on the
different research projects and also contributing to the constitution of PGS: Felix Adler, Tobias Blank, Michael Bragard,
Thomas Butschen, Yilmaz Dikme, Stefan Engel, Robert Lenke, Benedikt Lunz, Florian Mura, Jon San Sebastian, Dominik
Schulte, Nils Soltau, Marco Stieneker, Bernard Szymanski
and Stephan Thomas. They are supported by a number of
students working as student assistants and also for their
bachelor, master or diploma theses. Furthermore, I would
like to thank all our staff for their support organizing our activities. Alexa Erckens is in charge of the office and manages
my personal calendar coordinating all appointments. Many
thanks also to Andreas Gubernat and the IT Team for constantly updating our IT infrastructure. I would like to thank
all other E.ON ERC Central Offices, i.e. Administrative Offices
and Mechanical and Electrical Workshop for their continued

support. Last but not least, I thank all our industry partners
who entrusted us with many exciting projects. In particular,
many thanks to the E.ON ERC gGmbH foundation for supporting research projects that, no doubt, set new standards.
In the year 2011, PGS will be applying for several large international research projects that will lead to further growth of
the number of researchers. Also, in November 2011 we will
move to our new E.ON ERC main building. So, an exiting year
is before all of us.
I wish everybody working at PGS, all our friends and industry partners all the best for 2011. There are a lot of great
tasks to do for a sustainable energy supply of the whole humanity and we need innovative, reliable, efficient and also
cost effective solutions to achieve this.

Aachen, January 2011

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
Cleanroom Center
Together with two other institutes, PGS is operating a modern clean room 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 for the fabrication of power semiconductor devices.
A wet chemical wafer-cleaning laboratory with megasonic
baths, funded by the state of North Rhine-Westphalia, allows the cleaning of semiconductor wafers by chemical
etching processes.

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 develop new power semiconductor devices and innovative packaging technologies.
Among others, bipolar devices for the switching of high
currents and voltages are developed. The devices are processed and characterized from the bare silicon wafer to the
complete structure.

The lithography laboratory is used to realize microscopic
structures. For this, an exposure machine from the company
Süß is used. In addition, a new diffusion furnace in PGS from
the company Centrotherm enables the realization of deep
diffusions that are typical for power semiconductor devices.
Two sputter coaters as well as an evaporation system can
be used for the metallization. An additional smaller sputter
system is used for the investigation of different metallization sequences.

Fig. 1: The sputter system

CONTACT
Dipl.-Ing. Thomas Butschen
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465 kW Test Bench for High-Power PV Inverters

High-Power Test Bench

A 465 kW test bench for high-power PV inverters has been
developed. The system enables PGS to test and investigate
PV inverters both at DC and AC side. The system is currently
taken into operation and will be available for measuring
projects in 2011.

PGS offers a test bench for characterizing of high-power
semiconductors. With the current configuration, 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. Thus, it is
possible to measure the full range of commercially available
high-power semiconductors. Three different experiments
are used for this purpose. The double-pulse test bench allows the characterization of the switching, conducting and
blocking behavior during soft-switching and hard-switching
conditions, respectively. 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.

Currently an increasing demand for high-power PV inverters (ratings above 100 kW) can be observed. Moreover, the
guidelines for dispersed generation systems including PV
inverters require fault-ride-through capability and functions
to support the grid which they are connected to in case of
faults (example: technical guideline for generation systems
connected to the medium-voltage grid in Germany).
In the past a 100 kW PV simulator had been developed
which had proven its worth in many measuring projects. To
allow for the testing of inverters with higher power ratings
it was decided to upgrade the system. The new test bench
comprises a grid simulator and a PV simulator. The grid simulator consists of a three-phase active front-end with harmonic filters whereas a four-phase DC-DC converter with a
ripple filter circuit has been selected for the PV simulator.
The ripple current in the output is minimized by adopting
an interleaved PWM technique.
The grid simulator supplies changeable AC voltage at the
output of the PV inverter under test while the PV simulator
supplies DC power at the input. The AC power converted by
the PV inverter is absorbed by the grid simulator. Losses of
the test bench and the PV inverter will be supplied by an
additional AC-DC converter and the DC link voltage is kept
constant. The maximum output power of the PV simulator is
465 kW with a maximum output current of 1,022 A.

Fig. 1: High power test bench

With this configuration, it is possible to assess the performance of high-power PV inverters with regard to energyconversion efficiency and MPPT efficiency. Moreover, the
inverter behaviour during voltage dips and frequency
changes of the grid can be investigated.

CONTACT
Dr.-Ing. Hanno Stagge
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hstagge@eonerc.rwth-aachen.de
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Bachelor theses
Christoph Vanderbroeck
Control of a Medium-Voltage PWM Rectifier with LCL-Filter
David Harig
Testing and Programming of a Programmable Logic
Controller
Jan Ossenbrink
Analysis of the Topology of DC-AC Converters for Connection
between DC High Voltage Power Lines and Small Cities
Jonathan Wirth
Programming of a Software for Digitalization
Characteristic Diagrams in Data Sheets

of

Nick Seeger
Technical Analysis of Direct Current (DC) Grids having
Multiple Converter Stations
Zexiong Yan
Management Strategies for Plug-In Hybrid Electric Vehicles
in the Distribution Grid

Diploma thesIs
Marco Stieneker
Development of a Modular High-Power Converter System
for Energy Storage Systems

Goekhan Oenal
Power Electronic Systems for High-Voltage Direct Current
(HVDC) Grids
Pablo Briones
Modeling of Vanadium Redox Flow Battery Based on
Impedance Spectroscopy
Perinov
Implementation of a DSP-based Control for galvanic
isolated DC-DC Converters
Rafael Szczesny
Development of a Dual GCT

PROJECT THESIS
Min Luo, Nurhan Averous
Implementation of an Application-Specific Control for an
Isolated Soft-Switching DC-DC Converter Platform

study theses
Christian Ronge
Extension of a Hardware Platform for the Evaluation of
Isolated DC-DC Converters

master theses

Fabian Striedter
Development of a Galvanically Isolated Temperature
Measurement Device for a 6 kV DC-DC Converter

Abdul Mannan
Etending the Opertion Area of Soft-Switchin in a Galvanically isolated DC-DC Converter.

Michael Schubert
Extension of a Test System for Soft-Switching Isolated
DC-DC Converters

Garikoitz Etxeberria
Development of a Driver Circuit for a Dual GCT
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Modeling of Electrical Components in Modelica
Decentralized energy sources and energy storage systems allow active energy management in households. A “Hardware
in the Loop” (HiL) test bench is developed to test and verify
mechanical and electrical components in a simulated home
environment.

supposed to be installed, and the connection to the power
supply are simulated. This flexible and innovative test bench
offers the possibility to solve mechanical and electrical engineering questions at the same time.

Intelligent active energy management systems are a key
technology to reduce the energy demand of households. In
addition to this advantage for consumers, the electric utility
profits by balanced load profiles in medium and low voltage
grids. The essential components to realize such systems are
combined heat and power units as well as electrically driven
heat pumps. Renewable energies like solar power and electrical energy storage systems represent a useful supplement.

The programming language “Modelica” is used to model
the household environment. The electrical components are
emulated on system level. Electrical energy consumers like
domestic refrigerators are implemented with typical load
profiles and characteristic values. The implemented system
model of a photovoltaic generator calculates the produced
electrical energy based on weather data (solar irradiation,
ambient temperature) and provides this value to the simulated environment.

The mechanical and electrical components which are applied to realize an active energy management system are
to be tested and verified in a HiL test bench. In this set-up,
the environment of a household, where the components are

This project is financed by the gGmbH of E.ON ERC and performed in collaboration with the Institutes for Automation of
Complex Power Systems and Energy Efficient Buildings and
Indoor Climate of the E.ON ERC.

Fig. 1: Schematic diagram of the components to be tested
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Design of a Direct Current Grid for RWTH Campus
Melaten
Direct current grids with multiple converter stations are considered as a possible solution for the extension of European
power systems and as a flexible alternative to AC technology
for certain applications. A medium-voltage DC grid for the
new Melaten campus of RWTH Aachen University is designed
within the scope of an ongoing project at E.ON ERC.
More than ten years ago voltage source inverter (VSI) based
direct current (DC) transmission emerged as a powerful alternative to classic DC bulk power transmission, which was
based on current source inverter (CSI) technology. Today,
HVDC installations transmit power in the gigawatt range at
voltages levels of several hundred kilovolts. The main advantage that VSI systems offer is their enormous flexibility, i.e. no
reactive power has to be supplied, as compared to CSI-based
systems, and even black start capability is provided. However,
until now this technology is only used for point-to-point connections that link a dedicated source (e.g. a wind farm) or
load (e.g. an offshore gas platform) to the electricity network,
or that are operated as an interconnection between two
asynchronous grids. Concepts for a meshed VSI-based HVDC
grid have been presented recently (e.g. Desertec, European

Supergrid) but do not go beyond the status of theoretical
studies.
At significantly lower power levels, medium-voltage DC
systems seem to offer considerable advantages for more
decentralized power generation applications. In particular,
offshore DC grids and small-scale industrial networks have
been identified as places where DC could have an advantage
over conventional AC distribution. Again, those DC distribution systems remain a research topic and have never been
built so far.
Therefore, an ongoing project at E.ON ERC shall pave the way
for the demonstration of medium-voltage DC grid technology. During the first phase of this project, a detailed design
of a DC grid for the Melaten campus of RWTH Aachen University is currently carried out. In the long term it is intended to
construct this small-scale DC grid that will link different test
benches and laboratories at the new campus site.
This research project is financed by E.ON ERC gGmbH and is
carried out in collaboration with the Institute for Automation
of Complex Power Systems.

Fig. 1: Single line diagram of medium-voltage dc grid
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High-Power DC-DC Converter
Medium-voltage DC-DC converters open new possibilities
for the operation of a flexible grid infrastructure. A research
project carried out at E.ON Energy Research Center of RWTH
Aachen University (E.ON ERC) investigates realization concepts of converters in the megawatt range.
Due to the growing energy demand and the increasing integration of renewable energy sources, the efficient transmission of energy becomes one of the major challenges of
future power engineering. Medium-voltage DC-grids and
high-power DC-DC converters play a key role because of
their low-loss energy transmission. The reduced filter effort
of the converters results in size and weight savings. This
increases the attraction of this technology especially with
regard to the electrification of offshore wind parks.
Based on previous research work carried out at ISEA, a demonstrator for a galvanically isolated DC-DC converter in the
megawatt power range is being built at the E.ON Energy
Research Center. The topology of the demonstrator is the
dual-active bridge, which allows a bidirectional power-flow.

The medium-frequency transformer is one of the main devices of the converter. The operation frequency in the kilohertz range and the resulting increase in power density are
advantageous over the 50-Hz equivalent in size and weight.
Especially in offshore applications this causes a substantial
saving in cost. A single-phase prototype consisting of an
amorphous iron core and litz winding has been characterized. The results contribute to the development of a threephase transformer with a higher power rating. The chosen
materials of the core and the winding provide an optimal
trade-off between cost, dimension and efficiency.
For the power electronics stages of the converter, circuit
concepts have been developed that enable the realization
of high power converters for relevant medium-voltage levels with low switching losses. Industrial medium-voltage
inverters are modified to allow soft-switching operation.
The use of IGCTs that are optimized with regard to the conduction losses in conjunction with the soft-switching circuit
concept lead to an increased overall efficiency of the DC-DC
converter.

Fig. 1: Three-phase dual-active bridge with auxiliary circuit
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Converters for Medium-Voltage Drives
Medium-Voltage converters are increasingly applied in electrical drive applications where variable speed operation
leads to an increased system efficiency. For example, traditional gas turbines for compressor units are replaced by variable speed electrical drive systems.
In this project a special focus has been put on converters
in the power range above 10 MW. In order to get a market overview on existing converters in the intended power
range, a market survey has been conducted. The products
of different manufacturers have been compared in terms
of power density, output performance and applied
technology.
The functional principle of standard 3-level and 5-level topologies have been investigated, amongst others the neutral-point-clamped converter, the flying-capacitor clamped
converter and cascaded H-bridge converters. Where applicable, the topologies have been derived from the generalized multi-level converter topology. The expense on active

and passive components has been determined and the advantages and drawbacks of the different topologies have
been identified and evaluated.
The scope of the investigation included also a look into the
operation principle of the modular multi-level converter
(M2C). This emerging topology that is primarily used for
HVDC systems has recently been introduced into the field
of drive converters.
The different converter topologies have been simulated
with different types of commercially available semiconductors. In the scope of the project, a simulation tool has been
developed at the E.ON Energy Research Center that allows
the comparison of combinations of different converter topologies with different power switches.
The project has been carried out in close cooperation with
GE Global Research Europe. We thank GE Global Research
Europe for the excellent collaboration.

Fig. 1: Generalized multi-level converter topology
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Test Bench for High-Voltage Batteries and
6 kV DC-DC Converter
To solve future questions of increasing volatile and decentralized energy supply, energy storage systems more
and more come to the focus of research. In the HERMES
project (Highly Efficient and Reliable Modular Battery Energy
Storage System), a modular approach for medium-voltage
grids is being developed to realize battery energy storage
systems with a power of up to 100 MW and a capacity of
several 100 MWh. To minimize currents at increasing power
levels, it is possible to use high system voltages. To show
the feasibility of high voltages and to analyze possible high
voltage failure modes a test bench for batteries with up to
6 kV string voltage was constructed. A DC-DC converter,
newly developed at the institute, was assembled to transform a variable battery voltage of 3 kV…6 kV to a 750 V
DC-Link voltage of the grid coupled inverter.
Fig. 1: High voltage battery test bench
For analyzing the technical demands and challenges of a
stationary high voltage battery energy storage systems
(BESS) a test bench was built. The battery test bench
consists of 360 VRLA batteries (12 V each block) in series
connection. Thereby the system has a nominal voltage of
4.32 kV realized as ± 2.16 kV and a capacity of 116 kWh. An
optimized DC-DC converter topology realizes the charging/
discharging process of the storage system. The system has
been built to analyze the advantages and disadvantages
of very high voltage batteries versus standard battery systems. A battery monitoring system is installed to continuously measure the voltage, the temperature and impedance
of each single battery block for supervision and safety measures.
Due to the high voltage and the huge amount of stored energy, the safety requirements are high. A special safety infrastructure was developed and integrated into the system.
Within this safety infrastructure the high voltage storage
system can be separated into battery stacks of 72 V (6 battery blocks) for maintenance. Further the control of power
electronics and the battery monitoring are integrated into
the safety circuit.
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Hence it is possible to observe all critical conditions of all
components and to bring the test bench into a secured
state in case of an emergency at any point of time.
First results show the feasibility of a high voltage BESS in
general. However, there are some special operating conditions and non-trivial security issues which have to be investigated. Power electronics can feed ripple currents into
the DC-battery line, which can lead to accelerated battery
aging. Several converter topologies lead to high common
mode or displacement currents which bring electrical potential differences into the battery rack. Additionally, in high
voltage battery systems the probability of deep-discharge
or over-charge of single cells increases. Due to the fact that
in a series connected system the weakest cell defines the
overall system capacity and most battery technologies have
to be operated in a defined state of charge range, single
cell monitoring is, dependent on technology, useful or even
indispensable.

The test bench postulates high requirements to the DC-DC
converter. A variable input voltage of the batteries between
3 kV and 6 kV must be converted to 750 V. Simultaneously to
the wide input voltage range, the power shall be controlled
from 3 kW to 100 kW with high precision. The combination of
components in the high-voltage megawatt range with standard parts of low-voltage industrial inverters is a big challenge. The switching frequency is chosen as a compromise
between EMI-radiation, losses and dielectric displacement
currents due to high dV/dt.

Special attention was taken to the safety concept to disconnect the high DC voltages and currents in case of an error. A
new topology, developed at the institute for these requirements, was chosen and built as a prototype shown in the
photograph. Based on the Dual-Active-Bridge (DAB), an HFtransformer is used, too. This ensures the galvanic isolation
between the high-voltage and low-voltage side. The printed
circuit boards for triggering, controlling, interlocking, evaluating and measuring were developed and integrated completely into an AixControl control system to achieve the
highest standard of disturbance immunity due to the metal
shielding and operational reliability.
The HERMES project was award in 2007 and is carried out in
cooperation with the Institute of High Voltage (IfHT), RWTH
Aachen University, and Aalborg University.
This project is funded by E.ON AG as part of the E.ON
Research Initiative.

Fig. 2: Newly developed DC-DC converter
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Medium-Voltage Test Bench
A test bench for high-power high-speed drives and generators and high-power converters is being developed.
High-speed motors and generators are finding their way
into high-power applications, for example as speed-variable
gearless drives for compressor units or as speed-variable
generators for gas turbines in mini power plants. Using
high-speed machines, a gearbox for the transformation of
speed becomes obsolete.
To be able to investigate machines and their converters in
this power range, a concept for a test bench has been developed in a project at E.ON ERC. The test bench allows the
operation of machines with a power of up to 5 MW and a
speed of up to 15.000 rounds per minute.
A schematic of the multi-functional test bench is shown in
the figure. The device under test (DUT), consisting of a converter and a high-power high-speed electrical machine (M),
drives a mechanical shaft. The mechanical energy is transformed back to electrical energy by a gearbox and a lowerspeed drive that acts as generator (load drive). This energy
is fed back to the DUT drive via an electrical DC link. With

this structure only the losses have to be supplied from the
grid. This is realized with 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 designed in an ongoing project at
E.ON ERC.
The gearbox features two outputs to allow testing with
rated power in a wide speed range.
In combination with real-time digital simulators hardwarein-the-loop tests of power electronic converters are possible. For instance, converters for doubly-fed generators can
be tested without the existence of a machine by emulation
of the electrical behavior of the rotor terminals.
The final test facility will be used for research and development on new drives and high-power converters and control
strategies, for didactical purposes and for testing future
variable speed high-power machines.

Fig. 1: Schematic of the test bench and energy flow with DUT in motor mode
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Plug-In Hybrid Electric Vehicles
This project analyzed the technical and economical feasibility of Plug-In Hybrid Electric Vehicles and was carried out at
the E.ON Energy Research Center (E.ON ERC). In this study
the vehicle technology as well as the grid integration of the
vehicles was investigated.
The reduction of the 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 the consumption of
fossil fuels can be reduced by an increase in the total car efficiency for example by using regenerative breaking. Short
distances can be powered by at the car CO2-free electricity.
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.

Analyses regarding the charging infrastructure show that
a public charging infrastructure at specific locations (workplace, shopping centres) can only increase the fraction of
electrically-driven kilometres to a small extent (see figure).
The electrically-driven fraction is for example only increased
by 6 % with charging infrastructure at the workplace in
comparison to the reference case “charging at home” (for a
PHEV with 50 km electric range and 3.7 kW charging power).
Furthermore it could be shown that higher charging powers
only marginally increase fossil fuel substitution.
The project report in addition to infrastructural topics also
treats battery dimensioning and lifetime, business models,
safety and grid integration of PHEVs. The complete project
report will be published in the beginning of 2011.
This project was financed by the gGmbH of the E.ON ERC
and carried out in cooperation with the Institute for Future
Energy Consumer Needs and Behavior (FCN) of the E.ON
ERC.

Fig. 1: Fraction of electrically-driven km depending on charging infrastructure
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Real-time Simulator reaches Giga-FLOPS range
At E.ON Energy Research Center (E.ON ERC) a modular platform for real-time simulation is being built which allows
characterization and testing of third-party components as
hardware-in-the-loop (HiL). Presently, the processor card is
being built which offers a peak performance of 3.6 billion
floating-point operations per second (3.6 GFLOPS).

six floating-point operations per cycle at 600 MHz, thus delivering a peak performance of 3.6 GFLOPS. The card offers
multiple channels of lowest-latency communication in the
range of 0.8-3.2 GBit/s.

Complex systems like offshore wind parks require complex
and powerful tools for research and development. Existing
structures usually cannot be used during operation for such
purposes without influencing the functionality. Therefore,
simulation and hardware-in-the-loop testing are used instead.
The Institute for Power Generation and Storage Systems
of E.ON 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 features an
open and modular design which allows third-party suppliers to integrate their products as hardware-in-the-loop for
testing and characterization.
Raw calculation power paired with hard real-time requirements made development of a new hardware platform
necessary. Multiple processor cards and optionally interface
boards for HiL are connected to each other by a backplane
to build a unit. A complete simulation system is then composed of multiple units.
After completing preliminary investigation by constructing
a communication prototype, the processor card is presently
being built. It uses a signal processor which executes up to

Fig. 1: Communication prototype

CONTACT
Dipl.-Ing. Felix Adler

226

Research: Project Descriptions

T +49 (0)241 80-97150
F +49 (0)241 80 92203
fadler@eonerc.rwth-aachen.de

The Integrated Emitter Turn-off Thyristor (IETO) –
An innovative high power device
Thyristor based devices are widely-used in the area of highpower converters. They are technologically superior to IGBT
solutions concerning the on-state losses. The goal of a DFGfunded project is to overcome the drawbacks of today’s
IGCT devices by developing a new integrated ETO-structure.
Several prototypes have been created and their parameters
were characterized.
This project is based on the PhD thesis of Dr. Koellensperger
concerning the Internal Commutated Thyristor (ICT) and
Prof. Alex Huang’s work concerning the Emitter Turn-off
Thyristor (ETO). It deals with the integration of modern
low-voltage MOSFETs into the press-pack housing of a
high-voltage thyristor. Such an assembly is expected to be
advantageous due to the possibility of a local decoupling
between press-pack housing and external driver stage as a
cable connection can be used.
Today’s commercial IGCT technology in press-pack housing is used as reference in sense of electric, thermal and
mechanical aspects. The system level inherent advantages, such as independence of temperature, vibrations and
required mounting space, can only be realized for the IETO
with a more challenging press-pack housing. The company
International Rectifier (IR) produces DirectFETs®, which are
used in the project. This special MOSFET package allows an
extremely low inductive construction. Recently, the electric
behavior of the concept was analyzed. Numerous experiments proof the basic concept and the first working IETO
was presented at the ECCE 2010 in Atlanta.
Beside an electric working prototype, especially the mechanical and thermal aspects of the package construction
are of major interest. For example, the used GCT wafer

needs a vertical force of 15 kN for appropriate electrical
and thermal contact. However, experiments and literature research imply a maximum force of about 500 N for a
single DirectFET®, before it is irreversibly damaged. The
difference between these forces forms the idea to
decouple the mechanical and electrical path inside the
press-pack housing. The Figure depicts a prototype of the
IETO which realizes this decoupling. Small cups on top
of the DirectFETs® are visible, which contain small disc
springs. These disc springs guarantee an individual and
homogeneous pressure distribution on each DirectFET®.
Additionally, the shown aluminum-core board ensures an
optimized thermal path, which is important due to the
principle-based higher conduction losses of the ETO.

Fig. 1: Optimized prototype of the IETO including the MOSFETs
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Dual gate commutated thyristor (Dual-GCT)
In this research project a semiconductor device is developed
by integrating two GCT devices onto one wafer. With an intelligent control of the gate lower switching and conduction
losses can be achieved.
The term Dual-GCT is dedicated as a parallel connection of
cathode and anode side of two conventional GCTs. Both
GCT components are to be placed on a common wafer and
to be considered as a single device together with the gate
driver. One of the two GCTs from the Dual-GCT has been optimized for low forward voltage, the other for low switching
losses. With an intelligent trigger sequence the losses of a
Dual GCT are much lower compared to a standard GCT with
the same silicon area.
In contrast to commercial IGCT devices, the Dual-GCT has
two gate connections which have to be driven independently. The development of a completely new gate driver
unit is therefore necessary. This circuit consists of four main
parts:
1.
2.
3.
4.

The turn-on unit has to provide a high gate current peak
with a high slope di/dt. After the turn-on process is accomplished it has to deliver a small holding current for the GCT.
As in standard IGCTs, using the Internally Commutated Thyristor (ICT) concept makes the gate drive easier. Only two
separate turn-off units have to be placed inside the presspack housing. Furthermore, as the delay between turn-off
commands is very short (some few μs), the same capacitor
bank can be shared to simplify the turn-off unit.
The voltage monitor is a very important tool for a driver
circuit of GCT boards. To provide very fast sensoring, this
monitor is implemented on the driver board to reach the
shortest way between the voltage monitor and the Complex Programmable Logic Device (CPLD) used for control.
The gate drive unit of the Dual-GCT also has to determine
the timing for turning on and off the different GCTs and recharging the capacitor bank.
The newly developed Dual-GCT gate drive unit includes fast
voltage monitoring for protection and optimal switching
performance (minimal losses) under all operating conditions.

Turn-on unit
Turn-off unit
Voltage Monitoring
Control

Fig. 1: Dual GCT driver board
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DEzember 2010
31

Christian Dick’s last day as chief engineer of PGS before
he leaves RWTH Aachen.

November 2010
08-09

Benedikt Lunz gives a presentation on the VDE
Congress 2010 in Leipzig.

October 2010
26

Benedikt Lunz gives a presentation on the Workshop
Electrical Energy Storage for Stationary Applications
in Bilbao, Spain.

14

Nils Soltau participates in the “Power and Energy
Student Summit 2010 - Integration of Renewable
Energies into the Grid” in Magdeburg. For the paper
“Construction and Implementation of a 5 kW DC-DC
Converter for a PV Application” he receives the Best
Paper Award.

14

Prof. De Doncker receives the “Doctor Honoris Causa”
at TU Riga, Latvia.

September 2010

230

28-29

Stefan Engel, Florian Mura and Marco Stieneker
participate in the ECPE workshop “Advanced Multilevel
Converter Systems” in Västerås, Sweden.

10

Prof. De Doncker, as founding Chairman of the IEEE
Energy Conversion Congress and Exhibition (ECCE) Steering Committee, signs a Letter of Intent with the European
Association for Power Electronics at the closing session
of EPE 2009 in Barcelona.

25

Prof. De Doncker, Sabine Vogel, Tobias Blank, Hanno
Stagge and Stephan Thomas participate in the
E.ON Research Award 2010. Prof. De Doncker joins a
panel discussion led by Ranga Yogeshwar. Tobias
Blank, Hanno Stagge and Stephan Thomas
participate in a workshop on future research by
E.ON AG.

Chronicle

22

Florian Mura receives the Heinrich-Mandel-Preis of
the VGB-Forschungsstiftung at the VGB congress
“Kraftwerke 2010”.
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Dr.-Ing. Hanno Stagge joins PGS.

August 2010
29-31

The teams of ISEA and PGS have their annual staff
meeting and outing at Bonn combined with a
Strategy Meeting to discuss the future focus of the
research and the internal organization of the
institutes.
March 2010

July 2010
01

09-10

Christoph Neeb and Thomas Butschen participate
in a workshop: “Packaging of Power Semiconductors”
in Saint Louis in France by ISL.

08-09

Benedikt Lunz presents a poster on the International
Advanced Mobility Forum 2010 in Geneva,
Switzerland.

01

Dipl.-Ing. Nils Soltau joins PGS.

Dipl.-Ing. Marco Stieneker joins PGS.

june 2010
18-30

Sebastian Richter und Thomas Butschen participate
at the IPEC-Sapporo 2010 conference in Japan.
Additionally they present their work at Hitachi in
Hitachi City.

February 2010
15-16

Dominik Schulte participates in the “International Flow
Battery Forum” in Vienna, Austria.

23

Stephan Thomas participates in the ECPE Cluster
Workshop “Driver and Protection Circuits for
MOSFETs and IGBTs“ in Nürnberg.

01-02

Benedikt Lunz attends the 2nd Technical
Conference on Advanced Battery Technologies for
Automobiles and Their Electric Power Grid
Integration in Mainz.

April 2010
20

Benedikt Lunz gives a presentation on the
“Anwenderforum MobiliTec” at Hannover Messe.

15-16

PGS organizes the ECPE workshop “Power
Electronics for Energy Efficient Buildings, Lighting
and Home Appliances” in the Super C. PGSParticipants: Stefan Engel, Robert Lenke and Nils
Soltau.

January 2010
15

The FGLA Colloquium „Electromobility“ organized
by the Institute for Power Electronics and
Electrical Drives (ISEA) and E.ON Energy Research
Center takes place in SuperC. Distinguished
experts from industry and science discuss how
to force a wide market introduction of this
technology.
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From left to right: Christian Dick, Yilmaz Dikme, Felix Adler, Florian Mura, Tobias Blank, Stefan Engel, Stephan Thomas,
Rik De Doncker, Benedikt Lunz, Dirk Uwe Sauer, Marco Stieneker, Dominik Schulte, Thomas Butschen, Hanno Stagge, Nils Soltau
Not shown: Michael Bragard, Alexa Erckens, Jon San Sebastian, Bernd Szymanski
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