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Research Topics
According to the mission statement, the center focuses on research related to energy savings, energy efficiency and
sustainable energy supplies. More specifically, the institutes strongly cooperate in projects related to grids and storage
systems, buildings and city quarters, heat and power plants, as well as future energy consumer needs and behavior.
In this annual report, the institutes present their research projects related to these research and development topics. To
correlate the research projects to the four main research topics, the following index has been prepared. In the individual
research project reports the pictograms clearly mark the research topics.

Grids and Storage
Direct Current Transmission and Distribution Grids I Grid Architectures for
Renewables I Control, Automation, and Protection I Integrated Electrical,
Heat & Gas Distribution and Storage Systems
Page:
36 I 37 I 38 I 39 I 40 I 41 I 42 I 43 I 44 I 45 I 46 I 47 I 48 I 49 I 50 I 51 I 52 I 53 I 55 I
56 I 57 I 98 I 200 I 201 I 202 I 203 I 204 I 205 I 206 I 207 I 208

Buildings and city quarters
Retrofit Strategies I Home Energy Systems I Air Conditioning & Indoor
Comfort I Demand Side Management I Geothermal Heating and Cooling
Page:
36 I 47 I 54 I 58 I 82 I 83 I 84 I 85 I 86 I 87 I 88 I 89 I 90 I 91 I 92 I 93 I 94 I 95 I 96 I
97 I 99 I 100 I 101 I 102 I 103 I 104 I 105 I 106 I 124 I 132 I 133 I 144 I 174 I 178 I 182

8

Heat and Power Plants
Carbon Capture and Storage I Reservoir Engineering I Engineered Geothermal Systems I Generation and Electrical Conversion Systems I Renewable
Power Plants
Page:
127 I 134 I 136 I 139 I 142 I 145 I 146 I 147 I 174 I 175 I 176 I 178 I 179 I 180 I 181 I
182 I 200 I 201 I 204

Future Energy Consumer Needs and Behavior
Economics of Technological Diffusion I Energy Markets and Liberalization,
Market Design I Investment under Uncertainty I Technology Choices I Social
Acceptance I Consumer, Policy and Social Aspects
Page:
36 I 47 I 89 I 90 I 124 I 125 I 126 I 127 I 128 I 129 I 130 I 131 I 132 I 133 I 134 I 135 I
136 I 137 I 138 I 139 I140 I 141 I 142 I 143 I 144 I 145 I 146 I 147 I 148 I 175 I 177 I
179 I 180
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Univ.-Prof. Dr. ir. Dr. h. c. Rik W. De Doncker

Preface
I am happy to present to you the fourth E.ON ERC Annual Report. In 2011, the center continued to grow, not only in number
of personnel and coherency, but also in number of external
funded research. Many exciting events and achievements took
place, some of which are mentioned in this annual report. Most
notably was our move during November in the new E.ON ERC
Main Building.
As was indicated in the 2010 Annual Report, construction work
of the Main Building started by end of 2010. It was amazing to
see that the 5000 m2 building was completed in about eleven
months, according to plan. During construction many details
were taken care off by 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 is an experiment by itself. Indeed, energy efficiency
combined with individual indoor climate control is provided
in each room. As was mentioned in the 2010 report, waste
heat will be used for heating or stored, for example in forty
100m deep geothermal energy storage wells, to be reused
during colder winter days. We already could experience the
effectiveness of the systems during the cold winter weeks in
the past months. We are looking forward to the coming summer to find out how well the sorption based air-conditioning
units will cool and use waste heat from a combined heat and
power (CHP) process for the dehumidification of the supply air.
The NRW Ministry for Education and Science finally approved
an initial investment for the Main Building that supports our
infrastructure, furniture and part of our ICT and laboratory
equipment. Our Administration Offices, under leadership of Dr.
Sabine Vogel, had a major challenge to order all equipment
before end-of-year, in compliance with government regulations.
I am particularly grateful that our Central Offices were able to
accomplish this in few months.
The 4th E.ON ERC Annual Meeting and Scientific Advisory
Board (SAB) Meeting took place March 30 and April 1, 2011. The
SAB was pleased with the progress we made in joint center
projects in the areas of energy efficiency, energy savings and
sustainable energy supplies. Many new research projects
in the three main technical research areas (heat and power
plants, grids and storage, and buildings and city quarters) and
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Preface

the center’s economics studies, were acquired. In 2011, the total amount of external R&D funding exceeded the total financial support provided by E.ON AG.
About 146 staff members, including student assistants and
trainees, have been active by the end of 2011. About 96 scientists were working full-time at E.ON ERC, up from 89 in 2010. In
2011, more than 100 scientific peer reviewed journals and conference papers, as well as three E.ON ERC Reports (ISSN-18687415) were published. A major highlight was also the fact that
Professor Christoph Clauser was elected member of Academy
of Physics Leopoldina (Deutsche Akademie der Naturforscher
Leopoldina), the oldest academy in science in the world. Moreover, Professor Ferdinanda Ponci, was elected Vice President
Education of the IEEE Instrumentation and Measurement Society.
During the course of 2011, E.ON ERC expanded its International
Energy Cooperation Program (IECP). Two Memoranda of Understanding (MOUs) were signed. In May, the IECP program
was signed with Riga Technical University, Latvia. In July, Melbourne University, Australia joined, with focus on geothermal
research. In November, our rector and the rector of Chalmers
University ratified the IECP to be signed in February 2012.
On May 20, Professor Monti invited us all to inaugurate what
can be called Europe’s most powerful real-time digital simulator for electrical grids. This real-time simulator system, which
has been extended to be capable of handling multi-physics
tasks, is linked to the Experimental Hall to provide full hardware-in-the-loop testing of electrical equipment, heat pumps,
demand side management algorithms, communication links,
etc. No doubt this infrastructure is a major asset to the center
to study the dynamic behavior of grids, energy conversion systems and energy management systems.
I would like to thank E.ON AG, for the continued commitment to fund our center. Within the Public Private Partnership of E.ON and RWTH Aachen University, the employees
and professors at the research center have the opportunity to
obtain insights directly in the current and future challenges
of the energy industry. On the other hand, the center can provide its view on the future developments of energy systems

to managers and employees of E.ON. Within the last years of
cooperation a trustful exchange of ideas and information took
place, which is far more intensive than the typical cooperation
of industry and university within traditional research projects.
Looking back to the last year in particular, I would like to thank
Dr. Markus Ewert, Vice President Technology and Innovation at
E.ON AG and Managing co-Director of the E.ON ERC gGmbH
Foundation, for supporting the organizational activities of this
Foundation. My gratitude also extends to all members of the
Advisory Board of the E.ON ERC gGmbH and Managing Director
for guiding our research projects. Moreover, I am thankful to Prof.
Dr.-Ing. Maubach of E.ON AG 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.

ning and leading the move to the Main Building. Special
thanks to our ICT team to make the transition to new servers smooth and seamless. I would also like to thank the Mechanical and Electrical Workshops, for undertaking many
projects, such as installing new infrastructure in the Experimental Hall and the new laboratories of the Main Building.
Finally, I am very grateful to Dr. Sabine Vogel, Executive Assistant, for her continued support in managing not only the
Administrative Office, but also our public relations, student relationships, the IECP program and leading the editing of this
Annual Report, a job that cannot be underestimated.
Upon glancing at some important numbers, the success of the
E.ON ERC also becomes apparent: in less than five years the
center has reached its targets both in publications, personel
and funding.
Aachen, January 2012

Last but not least, I would like to thank all my colleagues,
staff and co-workers for supporting the center. In particular,
I would like to thank our Central Offices for their enthusiastic support. I would like to commend the Administrative Office for assisting in ordering timely all equipment, for plan-

Rik W. De Doncker

CONTACT
Univ.-Prof. Dr. ir. Dr. h. c. Rik W. De Doncker
Director E.ON Energy Research Center
Mathieustraße
Main Building
52074 Aachen
Germany

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

Preface
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orgAnIZAtIon of the e.on energy reseArch center
Directed by Univ.-Prof. Dr. ir. Dr. h. c. Rik W. De Doncker, the E.ON
Energy Research Center (E.ON ERC) comprises five institutes:
Automation of complex Power systems (Prof. Dr. Antonello
Monti), energy Efficient buildings and Indoor climate (Prof.
Dr. Dirk Müller), future Energy consumer needs and Behavior (Prof. Dr. Reinhard Madlener), Applied geophysics and
geothermal energy (Prof. Dr. Christoph Clauser) and power
generation and storage Systems (Prof. Dr. Rik W. De Doncker).
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. The E.ON ERC gGmbH Foundation (not
shown in the picture), a Public Private Partnership between

RWTH Aachen University and E.ON AG, promotes research
projects at E.ON ERC.
An essential concept of the E.ON Energy Research Center is
the close cooperation of five institutes from four faculties
all under one roof. To support this cooperation effectivly, the
central offices - Administration, ICT and Workshops - provide
several services and organizational activities for all institutes. Headed by Prof. Rik W. De Doncker and under leadership
of Dr. Sabine Vogel, the Central Offices also supports the
center in matters of marketing and communications. The
tasks of the Central Offices are also increasing with the continuously expanding activities of the ERC. During 2011, the
staff in the center increased to ca. 150.

E.ON ENERGY RESEARCH CENTER
E.ON ERC gGmbH ADVISORY BOARD

Rik W. De Doncker, Director
Sabine Vogel, Executive Assistant

SCIENTIFIC ADVISORY BOARD

ICT

Sabine Vogel

Andreas Gubernat

ACS | Institute for
Automation of Complex
Power Systems

Antonello
Monti
Ferdinanda
Ponci
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Organization Chart

ELECTRICAL
WORKSHOP

ADMINISTRATIVE
OFFICES

EBC | Institute for

Achim Reimer

Energy Efficient Buildings
and Indoor Climate

FCN | Institute for
Future Energy Consumer
Needs and Behavior

GGE | Institute for
Applied Geophysics and
Geothermal Energy

Dirk
Müller

Reinhard
Madlener

Christoph
Clauser

MECHANICAL
WORKSHOP

Hartmut
Moosmayer

PGS | Institute for

Power Generation and
Storage Systems

Rik W.
De Doncker
Dirk Uwe
Sauer

Members of Staff

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

Alexa Erckens
Secretary

Martha Gorecki
Dr. Sabine Vogel
Executive Assistant Central Offices
Administration
Manager

Nadine Hanf
Central Offices

Silvia Kroll
Central Offices

Dipl.-Ing. Andreas
Gubernat
Head of ICT

Florian Bechholtz
ICT System
Administrator

Christoph
Springenberg
ICT SystemAdministrator

Hartmut
Moosmayer
Head of Mechanical Workshop

Thomas Henn
Technician
Mechanical
Workshop (EBC)

Wolfgang Tschöp
Technician Mechanical Workshop

Achim Reimer
Head of Electrical Workshop

Martin Peters
Electrical
Workshop

René An Voort
Trainee ICT

Alicia Cool
Trainee
Central Offices

Emin Demirtas
Trainee Mechanical Workshop

Simon Jussen
Trainee ICT

Rafael Kocurek
Trainee ICT

Johannes Kullick
Trainee ICT

Michèle Müller
Trainee
Central Offices

Marco Thomas
Trainee Electrical
Workshop

André Trebels
Trainee ICT

Additional Support: Dipl.-Ing. Ming Fei, Dr. Rolf Sweekhorst
Members of Staff
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E.ON ERC Central administrative offices
As E.ON ERC is gaining recognition, there have been more
inquiries about the tasks and the aims of the research center, in general, and about the individual projects, in particular. External research institutions and companies have
increasingly expressed their interest about possible collaborations with E.ON ERC. By directly answering the general
inquiries, the Central Office, supported by the administration offices, functions as an interface among the directors,
professors and scientists of the five institutes, industrial
partners, public partners, students of RWTH Aachen University and of other national and international universities, as
well as the interested general public. Regarding particular
questions, for example, about the individual research projects, the Central Office arranges contacts to suitable partners and experts within the ERC. Moreover, last year diverse
publications - image brochures, posters and flyers - were
newly designed or fitted to the new developments. Also the
website (www.eonerc.rwth-aachen.de) was comprehensively updated and continuously revised. More than 65 press
releases and interviews informed the public about exceptional happenings, such as the move into the new Main Building of the E.ON ERC.
The internal and external communication was also promoted by such events as the Annual Meeting, the participation
in ‘Girls’ Day’ and the ‘Science Night’ at the RWTH Aachen
University, or the barbecue for colleagues and all those
involved with the new construction of the main building.
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E.ON ERC Administration Office

The positive resonance of E.ON ERC in the political arena
was exemplified by the visit in August of the NRW minister
for Innovation, Science and Research, Svenja Schulze, who
came to the Center to win a first-hand impression of the
work of the Aachen energy researchers.
In addition, a crucial element of external communication
is the avid participation in regional, national and international conferences. The scientists at E.ON ERC use these
forums, often attended by renowned scientists, not only to
show important research results, but also to present the
energy research center with its activities. After only a few
years, E.ON ERC has clearly distinguished itself by generating the first patents, as well as numerous collaborations
with university energy research institutions worldwide. In
2011 alone, cooperation agreements were signed with the
Gothenburg Chalmers University, University of Melbourne
as well as with the Riga Technical University.
With the introduction of a quality management system,
the transparency of all the processes ought to be clearly
improved for the students and employees as well as for
project partners of the research center, thereby promoting
productivity. Such a quality management system will be
supplemented by an evaluation in 2012. Likewise, the work
on a comprehensive databank, structured mainly according
to the interests and needs of the five institutes and of the
Administration, has been successfully continued.

The main themes of the Central Office Team in 2011 revolved around the detailed planning and realization of the infrastructure, new equipment and of the move into the new
E.ON ERC main building that was completed in the fall. The
move went smoothly thanks to the extraordinary hard work
of all the colleagues and the great support by the members
of the ICT-Team and of the Workshop. Many in the institutes have commended the innovative indoor room concept
with light-flooded central areas. The generous coffee/tea
areas and lounges automatically offer many opportunities
for communicative exchanges beyond academic disciplines.
Moreover, the modern and bright offices, laboratories, seminar and conference rooms offer enough room for concentrated scientific work for an environmentally friendly,
secure and affordable energy supply of the future.

I would like to thank the all staff members of the central offices for the excellent work results and good working spirit
in the daily work. In particular, I would like to thank Silvia
Kroll, Nadine Hanf, Martha Gorecki and Ming Fei for their
strong commitment, outstanding work and support. Without their effort, the daily work output would not be possible. Also thanks to our two trainees who are integrated very
well. Special thanks to Dr. Rolf Sweekhorst for the excellent
cooperation with his journalistic work. Furthermore, special
thanks to Andreas Gubernat and his entire IT Team for their
support, which definitely went 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 in our team and 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
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E.ON ERC central offices - ICT-Team
In 2011, our ICT-Team was particularly engaged with converting the computer workstations to Windows 7 and Office
2010 as well as preparing the move into the new main building of E.ON ERC.
Before the upgrade to Windows 7, Windows 7-installation
packages had to be created for all the software programs
(ca. 100 programs) applied at E.ON ERC. This enabled the
centralized and automatized distribution of all the programs to each of the 300 PCs. Thanks to our new software
distribution system, all the computers could be quickly upgraded from Windows XP to Windows 7. Moreover, the new
software distribution system has enabled us to make newly acquired computers rapidly available to our employees
and students. Besides increasing the computer inventory at
E.ON ERC with 80 new computer systems, an additional storage system was put into operation to enable the uptake of
extensive and increasingly larger simulation datasets. The
many various and complex projects of our scientists continuously require new and tailored solutions with respect
to the ICT-environment, which decisively contributes to the
daily business of the ICT-department and makes this daily
ICT-work particularly stimulating.
The new building project entailed a palette of necessary
and extensive activities ranging from the detailed planning, to the filing of initial equipment applications, to the
acquiring of technical infrastructure as well as to the active continuous accompanying of the construction and
installation phases of this project. For the application for
the initial equipment of the building, the needs of the five
institutes and of the central units of the research center
had to be determined and compiled with respect to computer capacities and communication units. Parallel to this,
the connection-infrastructure had to be conceived for over
300 fixed workstations in offices and in the seminar rooms.
Moreover, through the planning of ‘reserve capacities’, it
was hereby important to create a possibly highly flexible
technical infrastructure that would meet future technical
demands. During the construction phase, it was also necessary to actively follow up through the process on a daily
basis that was advantageous for the E.ON ERC. This accom-

panying work mainly involved the permanent quality control of the installation- and planning work for building up
the infrastructure for the data- and telephone networks, for
accessibility controls and for the video monitoring.
The equipment with network components - switches,
W-LAN, telephones - was planned in detail just as the equipping of the server room and of the LAN-room, in order to
realize a cost-effective and a precise acquisition, best targeted to the needs of the entire center. The particular challenges were the equipment of the audio-and video technology,
of the videoconference systems as well as the new presentation systems such as SMART-boards. In the future, these
systems, allowing the transmission of lectures from and to
other university sites, will not only benefit the students but,
in particular, also our researchers - the videoconference systems will allow them to communicate more directly with
partners throughout the world.
Especially challenging for the ICT-Team was the planning
and realization of its own move. Ultimately, despite construction delays, it was important to have the complete ICTinfrastructure finished in time for the moving date so that
all the colleagues in the new main building could manage
the typical flow of data and telephone services right on the
moving day. Through solid preparation and great diligence,
the ICT-Team of the E.ON ERC was able to meet all these
high demands. As a tradition, our highly motivated apprentices, training to become computer technicians, contributed
decisively to the successful realization of all these projects.

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 primary task of the mechanical and electrical workshop is to support the E.ON ERC scientists with conceiving
and realizing various kinds of test benches. The qualified
craftspeople, of course, also support the running tests by
repairing, rebuilding and maintaining them.
Besides installing new tests series, the electrical workshop
conceives and builds custom-made miniaturized controls
exactly to the specifications of the scientists. Among its
many tasks, the workshop is also responsible for controlling
and maintaining all the electrical units corresponding to
VDE safety guidelines (including medium voltage).

A new colleague joined the full-time staff of the electrical
workshop in May 2011. Since August, a one-year trainee has
worked in the mechanical workshop, whereas in September
two young people have begun their respective apprenticeship towards becoming an industrial mechanic for fine instruments and towards becoming an electronic technician
for instruments and systems.
Besides promoting the training of qualified young apprentices, both leaders of the workshops have also promoted continuing education. It is a given that all employees regularly
attend continuing educational programs.

In the mechanical workshop, among other tasks, single pieces are custom-made or existing structural parts are mechanically re-formed to fit the specifications of the test series.
In general, this primarily concerns components needed for
the hydraulic and aeration test benches.
In 2011, both workshop areas have been intensively involved in planning and implementing the initial infrastructure
of the new main building. The workshops‘ regular tasks include building maintenance and -care as well as the typical
maintenance work for the electrical installation; this especially calls for the know-how and experience of the electronic technicians.

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 start of the 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

energy savings and facilitating the transfer to a sustainable energy production. One key method to achieve this
is the intelligent cross-linking of various energy networks
(electricity, gas, heat) at every level (transport, distribution
and end-user). 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 that 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.
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. During the past year and 2010, about
20 firms have shown their interest in becoming integrated
in the CAMPUS Cluster Sustainable Energy. As E.ON ERC
moved to its new Main Building, the former center building
became available for companies as a CAMPUS building. In
2012, the CAMPUS cluster SE will initiate the planning of
a 5000m2 cluster building that is scheduled to be available
by 2014 for companies to work with RWTH research groups.

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
15

E.ON ERC Christmas Party.

November
21

After the completion of the E.ON ERC Main Building, the move to new Building took place within
one week for all central offices and and all five
institutes.

11

The E.ON Energy Research Center was present at
„5 vor 12 - Die RWTH Wissenschaftsnacht“ for the
second time with updated exhibit „Future Visions
of Energy Supply - E.ON Energy Research Center“
and the presentation of the director, Prof. De
Doncker, about „Future Visions of Energy Supply“
at SuperC of RWTH Aachen University with many
interested guests.

Move to the new Main Building

October
28

Prof. De Doncker was invited as expert to the
Frankfurter Allgemeine Zeitung (FAZ) Executive
Talk „Global vernetzt oder energetisch autark –
Wie sieht die Zukunft der Stromnetze aus?“ in
Berlin.

E.ON - E.ON ERC Workshop
September
01

René an Voort joins E.ON ERC as ICT trainee.
Michèle Müller joins E.ON ERC Central Offices
team as office communication systems trainee.
Emin Demirtas joins E.ON ERC Mechanical Workshop as an apprentice.
Marco Thomas joins E.ON ERC Electrical Workshop
as an apprentice.

August
01
FAZ Executive Talk Berlin

Visit of the Minister Svenja Schulze, RWTH Rector
Prof. Schmachtenberg at E.ON Energy Research
Center.

Chronicle
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July
05

Prof. De Doncker has been invited to hold a keynote presentation on „Cleaner and Better Energy Technological and System Challenges“ at the first
E.ON International Research Initiative Conference
in Birmingham, UK.

01

In the frame of the International Energy Cooperation Program (IECP) of E.ON Energy Research
Center, the Memorandum of Understanding was
signed with Royal Melbourne Institute of Technology (RMIT University), Australia, together with the
Pro Vice-Chancellor and Vice-President, Prof. Coloe
and Prof. De Doncker, Director of E.ON Energy
Research Center, RWTH Aachen University.

Barbecue with construction team

June
15

Martha Gorecki joins E.ON ERC Central Offices.

20

To thank all staff members who were involved in
the construction of the new E.ON ERC Main
Building, E.ON ERC Director Prof. De Doncker
invited all to a barbecue. All people who were
involved in the construction, i.e. from construction
companies, RWTH and BLB and the E.ON ERC staff
participated.
Girls Day at E.ON ERC

May

20

31

E.ON AG presents perspectives and opportunities of E.ON including scholarships and trainee
programs for young academics with the subject
„E.SIS macht mehr aus Ihrer Karriere - E.ON
SupportINGstudents“ at the E.ON ERC.

27

The whole E.ON ERC Administration team took
part at a workout to Hasselt (Belgium) to visit
the national Jenevermuseum. Tree-climbing in an
Aachen outdoor park followed.

26

A Journalist workshop „Clever & Smart – How
intelligent will be the future energy grid?“ took
place in München where Prof. De Doncker
participated.

Chronicle

Workout in Hasselt and Kletterpark Aachen

20

The installation of the most powerful real-time
simulator for grids (Real Time Digital Simulation,
RTDS) has been completed at the Institute for
Automation of Complex Power Systems led by
Prof. Monti at E.ON Energy Research Center.

13

IECP - Memorandum of Understanding between
Riga Technical University and E.ON ERC, RWTH
Aachen University was signed.

04

A further special video about the “Stifterverband”
regarding the successful Public Private Partnership Cooperation between Universities and Companies includes the E.ON Energy Research Center.

RTDS press event

April
29

A video about Smart Grids with Prof. De Doncker
as expert from E.ON Energy Research Center,
RWTH Aachen University was published on
YouTube.

14

On 14th April 2011, E.ON ERC participates
together with the five institutes one more year at
the “Girls’ Day”.

05

The first course of the new E.ON ERC lecture
“Einführung in das nationale und international
Patentrecht” started.
Memorandum of Understanding between Riga Technical
University and E.ON ERC

March
30.0301.04.

The fourth Annual Meeting and Scientific Advisory
Board of the E.ON Energy Research Center was
organized.

January
12

Prof. Ketter (Erasmus University) at E.ON ERC
Colloquium. Prof. Dr. Ketter, Director of the
Learning Agents Research Group at Erasmus (LAR
GE), Rotterdam School of Management, Erasmus
University, gives a talk on “Smart Grid Economics:
Policy Guidance Through Competitive Simulation".
SAB meeting 2011

Chronicle
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e.on erc central offices team

From left to right: Nadine Hanf, Andreas Gubernat, Réne An Voort, Alicia Cool, Silvia Kroll, André Trebels, Dr. Sabine Vogel, Prof.
Rik W. De Doncker, Marco Thomas, Alexa Erckens, Martha Gorecki, Michèle Müller, Emin Demirtas, Michele Herzog, Johannes Kullick, Martin Peters, Achim Reimer, Rafael Kocurek, Thomas Henn, Florian Bechholtz, Hartmut Moosmayer, Wolfgang
Tschöp, Christoph Springenberg
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It is that time again: it is amazing but another year has
passed by at ACS. Last year, the main topic was growth, this
year the main topic is building a robust internal structure.
This does not mean that the growth stopped. ACS now has
20 full time assistants but at this time more positions are
still open.
Let us focus on this structural evolution that it is currently
also a topic of open discussion at ACS. 2011 has been a time
of partly unexpected growth. I say partly, as I did not anticipate the rate at which it would have occurred. I started
this position with the goal of reaching quickly a team of 10
assistants and, while I was still celebrating the achievement
of this first goal, of the jump to 20 was already around the
corner. This rapid growth required setting an effective structure as the next goal.
In this process, the main step has been the decision to hire a
chief engineer: Bettina Schäfer has recently started serving
in this position and her leadership has been already clearly
evident in starting and guiding the structuring process. Nonetheless, no question, it is vital that everybody at ACS is
actively involved in the process of establishing the internal
organization. We had the pleasure this year to run our first
ACS weekend long retreat. In a very productive three-day
event, we had the chance to get to know one another better
and to better understand how to shape ACS in the future.
This process is not over yet, but it has brought a constructive internal discussion on the projects we want to tackle and
the research we want to perform.
It has been also the year during which we were able to verify that we are on the right track with our research projects.
First of all, thanks to funding from DFG combined with support from E.ON, the ACS RT Simulation lab is now reality
and I officially inaugurated it this year. While its underline
concept was clear from the beginnings of ACS, during 2011,
we finally completed the installation of its most significant
equipment: the 8 racks of RTDS that make our laboratory
unique in Europe. New developments are anyhow planned
for the close future. During this coming year we plan to inaugurate the DSP cluster and to extend the lab to incorporate more power components integrated in the simulation
to study different types of micro-grid scenarios.
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Another key achievement in expanding the potential of our
infrastructure is the first use in an industry-funded project of
our FlePS, the hardware interface that allows us to perform
real Power Hardware in the Loop tests. Thanks to this work,
together with colleagues from EBC, we have been able to
complete our multi-physics testing platform for home energy systems. This is yet another infrastructure available only
at our Center which makes us unique. I see the multi-physics testing platform as the most concrete results of what
multi-disciplinary research can achieve. ACS alone would
have never come up with such a laboratory system without
working daily with our friends in mechanical engineering.
And I am confident that the assistants in EBC would say the
same regarding electrical engineering solutions. This can
only happen at the E.ON Energy Research Center, where a
new mindset of looking beyond the individual disciplines is
built into the DNA of our researchers.
I believe this is also the reason why we smoothly integrated into two new interdisciplinary projects at the university
level. First of all, the successful submission of the proposal
for a Center for Wind Power Drives (CWD): Again in collaboration with mechanical engineers and colleagues from EE,
particularly Prof. De Doncker and Prof. Hameyer, we are going to establish a testing life scale facility for wind energy
turbines up to 4 MW. For this achievement, I want to acknowledge the leadership and vision of Prof. Jacobs.
Then, in collaboration with Prof. Müller and EBC, ACS has
played a significant role in the preparation of the final DFG
proposal for the Excellence Cluster Sustainable Buildings of
the Future. Whatever the final outcome may be (a decision
should be made in June 2012), it has been extremely instructive to work with colleagues from so many other disciplines.
In particular, the day of the final defense of the proposal
in Bonn with the Rector and the whole team of PIs, was
unforgettable. Sharing the stress and the excitement with
all the colleagues has been an experience and I want to
congratulate Prof. Reese and Prof. Feldman for their planning and leadership.
Besides these interdisciplinary experiences, I am also proud
to report some more general updates on our funding support. I find it very rewarding that we are currently running
projects funded by a broad variety of sources.

We receive public funding from regional, national and European level government agencies. We have projects supported by foreign governments and we work with industry partners from 3 continents. Among our projects, I want
to mention our role in FINSENY (Future Internet for Smart
Energy Systems). This is our first EU Project and it is without
any doubt a very prestigious one that has significantly contributed to our visibility.
In the industry sector, the fact that we started to actively
collaborate with the E.ON Business Units is particularly important. During summer 2011, together with PGS, we started
a project with E.ON Climate and Renewables aimed at studying in detail the dynamics of a large solar PV installation.
At the end of 2011, still with PGS, we officially started our
involvement with the European Spallation Source (ESS),
this time in collaboration with E.ON Sweden, and also Lund
Energy and the ESS itself. More opportunities are expected
to come in the next few months including interesting joint
collaborations with E.ON at EU level.

students to novel approaches to power system studies not
available in other universities. This year I also had the pleasure to hold a lecture in a class offered by Prof. Müller, another sign of what our interdisciplinary approach can offer to
the students at every level.
In conclusion, I would like just to add a few comments on
the future. My expectations about next year definitely include a growing role in EU projects for ACS. In the last few
months we have been involved in a really hectic activity of
proposal preparation, of which I am sure it will bring some
concrete results. Furthermore, I expect from the upcoming
year the realization of some project results with very practical outcome. Involvement in initiatives such as Innovation
City Bottrop is currently offering us incredible opportunities
to have an impact in real life. I am quite sure I will have a full
list of new material to write an even more exciting report
next year.

All these new experiences have not driven us away from
some our strengths from last year. We have been keeping
up with a good record of top quality publications under the
coordination of Prof. Ponci. I am also happy to see that the
interdisciplinary research is now also delivering interdisciplinary publications. The first joint paper with EBC was published in October 2011, a second one in January 2012, while
our first joint journal paper is currently under review.
On the teaching and learning side, I am happy to report
a constant growth of the number of students enrolled in
courses offered by ACS. Also in this area, I can now claim
a well-established set of courses that introduce the RWTH
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Director ACS
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T +49 (0)241 80 49700
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Fig. 1: ACS Simulation and Testing Infrastructure
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 is achieved through a set of real-time (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 softwaresolutions, 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 Fig 1.
We have three different simulation platforms in order to
support:
•
•

Real-time simulation of complex power systems (RTDS).
Real-time simulation of distributed systems, e.g. simulation of wind farms and representation of wind field
distributions (DSP Cluster).
•
Real-time simulation of multi-physic systems, e.g. home
energy systems (PC cluster).
For what concerns the real time simulation of complex
power systems, we bought eight racks of RTDS last May,
which is the state of the art in RT simulation of power
systems. A group of ACS researchers has been trained to
use RTDS and we are now applying it in ongoing projects.
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This installation represents a unique facility for our institute, being the biggest in Europe and one of the biggest in
the world.
For the real-time simulation of distributed systems, we
are collaborating with PGS to develop the hardware and
software to build a simulator based on a cluster of DSP. The
simulator will represent a unique facility for the testing of
distributed energy systems. The first application will be the
RT simulation of large off-shore wind farms. This platform,
though, is also suitable for simulating all kinds of distributed generation systems.
For the RT simulation of multi-physic systems, we use a
shared memory PC cluster for which we developed a solver for complex systems that leverages on the computational power of multiprocessor machines. We are using
this platform for different projects and for this reason we
added a node to the four installed nodes in September.
To support Hardware in the Loop and Power Hardware in
the Loop testing, we connected the RT setup to the 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 small apparatuses (less than
twenty kW). Considering that communication infrastructures are expected to have a growing impact on the perfor-

mance of future power systems, we developed a communication infrastructure that allows us to emulate network
behavior inside our lab. For a start, we are focusing our at-

tention on Ethernet based communication, using a WANem
to emulate network behaviors. In Fig 2, the structure of the
communication infrastructure of the laboratory is shown.

Fig. 2: Testing capabilities

Fig. 3: Communication structure of the ACS laboratory

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

Generic simulation,
programming and control

Multi-physic simulation

Power system simulation

Communication system
simulation

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

• SimulationX
• VirtualTestBed2010
• Open Modelica

• Neplan

• 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-

Seminar on current developments for the future energy grid
In this course, students can train their presentation skills,
combined with an insight into various kinds of specific
developments in the energy sector. These range from the
application of PMUs to the concept of virtual power plants.
Each topic is assigned to a student, who first conducts
a literature research to deepen his or her knowledge and
understanding. In the second and main part, each student
creates a presentation for the final event, in which all
students introduce their topic to the fellow participants as
comprehensibly and interestingly as possible. This process
is supervised by the research associates of ACS, including a
fun presentation training event for the whole group.

Teaching
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FINSENY: Future Internet for Smart EnergY
The FP-7 project FINSENY is part of the EU Commission Future Internet Public Private Partnership (FI-PPP) programme,
which aims at advancing Europe’s Future Internet in several
sectors such as energy, transport and health.
FINSENY in particular focuses on Future Internet technology that shall fulfil emerging energy-specific information
and communication technology (ICT) requirements for future smart energy systems. To identify these requirements,
key actors from both ICT and energy sectors around Europe
have teamed-up to jointly develop new solutions. The goal
of the FINSENY project is to prepare for a large scale panEuropean trial as a subsequent phase of the programme.
In FINSENY five parallel scenarios, which refer to the most
important application domains and require advanced ICT
solutions in the evolving Smart Grid, are defined: Distribution Network, Regional-/Microgrid, Smart Buildings, Electric
Mobility and Electronic Market Place for energy.
ACS is contributing to the two scenarios ‘Distribution Network’ and ‘Electric Mobility’. Relevant building blocks were
defined for each scenario, and for these the ICT requirements are derived. This first step was completed in summer
2011 and resulted in public deliverables that are accessible
at http://www.fi-ppp-finseny.eu/.

In the scenario for Distribution Networks, the following
building blocks were defined:
•
Medium Voltage Data Acquisition and Control from
Utility Control Centre
•
Fault Location, Isolation and Service Restoration
•
Mobile Work Force Management
•
Dynamic Control of Active Components
•
Smart Grid Energy Control of Power Inverter
These building blocks cover relevant aspects of future energy supply and distribution at the medium and low voltage
level.
The scenario for Electric Mobility was divided into the following areas:
•
Short Journey (10 – 30 km)
•
Medium Journey (<350 km)
•
Long Journey (>350 km), including international roaming
•
Grid Operations
•
Value Added Services
Each area comprises several building blocks, covering aspects like integration of charging infrastructure into the
electrical grid as well as payment methods and services
like charge point availability information.
The building blocks defined in all work packages represent
the basis for further definition of both functional and nonfunctional ICT requirements in the following step of the
project. In order to proceed along the route to the development of the Future Internet, a functional architecture shall
be developed, to be followed by the preparation of panEuropean use case trials.

Fig.: FINSENY Consortium
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Communication Emulation in Real Time
One of the critical factors that is expected to dramatically
increase the complexity of terrestrial power systems is the
interdependence of the power network with the communication infrastructure. Computer-based protections, distributed measurements and control for fast reconfiguration of
power systems, all require an effective, high performance
communication infrastructure.
In many case the performance of each subsystem and function strongly depends on the communication network performance, to the point that communication bandwidth and
availability may become a bottleneck and emerging behaviors may appear. Furthermore, due to this unprecedented
interdependence, there is a lack of tools for assessing the
integrated performance of power and communication networks.
For these reasons, it is necessary to develop a platform that,
leveraging on a realistic representation of the two systems,
allows engineers to analyze the two networks simultaneously.

The set-up of these characteristics is a critical point to obtain realistic results from the evaluation of network controllers. In general these parameters can be determined by
experience or through assumptions on the specific network,
or through off-line analysis performed via simulation with a
software such as OpNet.
By the nature of Wanem is clear that the considered option
does not comprise a real time simulation of the communication infrastructure itself, but rather includes an emulation
of the real time behavior of a given network as seen from
two points of the network.
A general purpose PC running WANem is connected to the
Ethernet switch to which all the other devices are also connected. Each of these devices is forced to route its communication messages through the WANem PC. An example of
traffic flow in case of communication between a generic
controller and RTDS is shown in picture: each packet is
forced throw WANem filters.

For what concerns off-line, non-real time simulation, an effective solution is offered by the co-simulation approach
based on the coordination of discipline specific simulation platforms. In this context, as explained in a dedicated
section of this annual report, we developed a co-simulation
platform named VPNET based on the Virtual Test Bed (a
software for multi-physic simulation) and OpNet (a software for communication network simulation).
For real-time, Hardware In the Loop testing, instead, a custom solution based on a general purpose PC architecture
and open-source software (WANem) was developed at ACS.
WANem is a Wide Area Network Emulator that allows for
the setup of a transparent application gateway, which can
be used to emulate WAN characteristics like time delay, Packet loss, Packet corruption, Disconnections, Packet re-ordering, Jitter, etc. Many of these effects can be characterized
in a stochastic way, for example in terms of correlation and
distribution. All these characteristics can be modified remotely with a web interface.

Fig.: Example of signal routing
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Simulation for design of smart grid controllers
The monitoring and control of the Smart Grid are expected
to be characterized by the distribution of functions and by
the dependence on communications. Distributed monitoring
and control appear because of the intrinsic features of new
resources (generation and storage), because of the active
participation of loads in the energy management and because of the need for fast, local reactivity for dynamic control and protection. Furthermore, the Smart energy grid is
expected to incorporate electrical, gas and heat networks,
to achieve maximum usage of the available energy in every
form, and storage capacity particularly in thermal form. A
new approach to integrated design must be developed.
From a system level point of view the coupling of such diverse systems and technologies create an unprecedented
design challenge. In particular, physical devices should be
tested in the complexity of the environment in which they
will operate, as the standardized laboratory tests do not
permit the observation of the actual influences to and from
the environment and other devices.

The focus in this work is particularly on integrating the communication aspects in monitoring and control. Notice that
hardware architecture and component design are not exempt from the same difficulties of designing, validating and
testing control algorithms.
The design problem cannot be simplified via de-coupling,
without losing essential dynamic behaviors. Analytical methods are unfeasible for this new type of integrated dynamic system. As a consequence the traditional design spiral
cannot be applied. Hence, the designer has necessarily to
resume to numerical simulation. As no commercial simulation environment is available that is equipped with all the
features that are needed, a new concept of smart grid simulation has to be developed. For this purpose we propose the
approach used for research and industrial projects in our
laboratory. The method is organized in two loops representing the iterative steps of the design process. Each loop is
supported by suitable simulation platforms.

Fig.: Proposed Design Method and tools
In Loop 1 the analytical method for the design of the controller in presence of communication disturbances is applied. This analytical method integrates the communication effects in the control design, with particular reference
to stochastic phenomena such as delays. Polynomial chaos
theory was used for this purpose as an effective method,
but other solutions are possible.. Then co-simulation of power and communication systems is used for the verification of the analytical project. At this stage, non-real time
simulation is deemed sufficient.

In Loop 2 the control, implemented in the final platform, is
tested the HIL and communication emulation techniques
for real time performance verification. In this loop the controller is connected to the power system and the communication network. The co-simulation technique may be used
to extract the characteristics and parameters of the communication network, and then used to set up the communication emulator that realizes in practice the network effects
on the input/output signals of the controller.
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Analysis of Voltage Stability Indices through RTDS
This project aims to be the first step in a sequence of further
activities which should enable us to evaluate future power
systems with a full dynamic time domain simulation where
we can behaviors which otherwise would not emerge. We
modeled as a first step a classic power system in our RTDS
simulator to evaluate the performance of existing stability
indices for having a reference value.

ve, or if it was just due to the increase of reactive power. This
should be understood as how much does the index tells
about the stability of the system by itself, without viewing
any other measurements of the system like reactive power
increase at the loads. From the results and based on these
comparison characteristics, VCPI (p) was found to have the
best performance from the indices studied.

A widely accepted definition of voltage stability is the ability of the power system to maintain steady acceptable
voltages at all buses in the system under normal operating
conditions and after being subjected to a disturbance. The
quantitative assessment of how close the system is from a
voltage instability is critical for timely intervention. The information on the proximity can determined and formulated
through Voltage Stability Indices. At ACS we have investigated the performance of different line voltage stability indices previously presented in literature, including Lmn Index,
Fast Voltage Stability Index (FVSI), Voltage Collapse Point
Indicators (VCPI), and LQP Index, as well as the traditional
Jacobian index based on the minimum eigenvalue of the
Jacobian matrix. These indices were tested on a small 5-bus
system and on the IEEE 39-bus system. Those feature the
characteristics of classical power systems. The simulation
tool used was RTDS and the indices where computed using
the control blocks components in order to monitor the values in real time. This method was chosen to have the indices
values available for further future work on control algorithm development. All the indices were found consistent
with their theoretical background and the performance
comparison was based on three characteristics: accuracy,
robustness to uncertainty, and adequacy for control purposes. We also analyzed how dependable the calculated value
is. To assess this characteristic we used the last index value
before voltage collapse occurs, the increase of value at the
voltage collapse point and linearity in the stable region and
the first index value after voltage collapse. This resulted in a
ranking where the best index was VCPI (p), followed by LQP,
Lmn and VCPI (2)(l). Another aspect that was analyzed, is
how the index value while approaching the instability point
is dependent upon the nature of the apparent power increase, whether the increase was from both active and reacti-

We plan to move the index calculation away from the
control toolbox into own components created with the CBuilder; as this would enable us to include mathematical
more complex indices as the Jacobian index in RTDS directly.
Another step for us is to implement the PMU based indices,
this effort is done in the work of the distributed intelligence
platform which comprises the PMU emulator. We also plan
to replace the generators of the test systems with renewable energy sources. Another major step consists in closing
the loop actually using the indices for control and hence
evaluating their performance.

Fig.: IEEE-39 Bus Test System
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ADVANCED CONTROL METHOD FOR ROBUST STABILITY OF
MVDC SYSTEMS
Power electronic converters are being introduced at an increasingly rapid rate. In a broad variety of terrestrial, marine
and space applications they improve the performance, efficiency and flexibility of power and energy systems. In particular DC grid architectures rely on power electronic converters, which efficiently transform voltage levels, interconnect
buses and interface loads and generators. These converters
are often classified into two general groups which specify
their main scope. One group are the Line regulating converters (LRC) which convert a source voltage to a specified bus
voltage and maintain said voltage in the presence of line
perturbations and the other group are point-of-load (POL)
converters, which supply the load. We focus our research in
this project on the LRC group of converters as we believe
that the loads should be touched at least as possible. In
general loads can be classified in two categories. One consisting of loads which are not interfaced with a converter,
which have a positive incremental impedance characteristic. The other one consisting of loads which are interfaced
through an converter/inverter and have an through the
power electronics control an enforced characteristic, which
appear as Constant Power Loads (CPL). These loads draw
constant power from their feeding buses, when performing
a small signal analysis around an operating point these
loads show a negative incremental impedance characteristic (-R). This characteristic may have a destabilizing effect
on the system. This two converter architecture is shown in
the Figure.
In the past the stabilization was mainly done through the
sizing of the passive elements or with requiring load converter control to enforce stability. While the first approach
resulted in heavy and bulky passive elements, the second
presents issues in standardization, difficulties in the use of
commercial off the shelf components, and the impossibility to realize plug&play features hence slowing down actual
implementation also due the fact that with this approach it
is up to the load themselves and their converters, to prevent
the MVDC system from voltage instability, either through
dedicated control algorithms, or through forcing disconnection, when it seems they may run the MVDC system out
of stable operative range. It is to be pointed out that the

research on DC power distribution systems available in literature, generally focuses on the problem of ensuring stability to small variations around one given operating point,
thus small signal stability. Such variations, in the frequency
band of the tens to hundreds of hertz, are due to the aforementioned CPL behavior of the load power converters. The
large signal analysis, specifically of MVDC systems, is not
addressed in literature, and is instead part of this research
project.
A multivariable adaptive control of the generator side interface converters, that compensates negative resistance
behavior of the leads at every operating point has been developed and theoretical validated for a single machine system. In order to proof the practical interest of the approach
it is fundamental to extend the theory to incorporate the
multi-machine case. This extension will be performed in two
steps: first a small signal analysis with stability proof will be
performed and then a large signal extension with the corresponding stability proof will be proposed and validated
through simulations. To achieve these goals ACS is collaborating with the University of Trieste in an Office for Naval
Research (ONR) funded project.

Fig.: Notional MVDC System of E-Ship
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Study MAS-based Protection Schemes in MVDC Power
Systems with Co-Simulation Platform
Multi-agent system (MAS) based protection is considered as
a potential method to solve the reliability and survivability
issues related with modern power systems. The design of
such protection systems warrants not only the intelligence
of single agent but also the communication between the
agents to accomplish a global coordination. Aiming to solve
this requirement stated above, we extended the capability
of the co-simulation platform VPNET, which consist of three
parts, VTB, OPNET, and Co-simulation Coordinator, to be able
to investigate MAS based protection schemes involving communication through programming in the Co-simulation Coordinator with “S-function” based modules. The extended cosimulation platform herein is applied to the analysis of the
performance of MAS protection schemes in Medium Voltage
DC (MVDC) shipboard power systems.
In modern power electronic systems, traditional protection
devices that act on local information to respond to faults
become more and more inefficient as the complexity of power system grows. In order to implement accurate and reliable protection schemes, the concept of multi-agent system
(MAS) is introduced and it draws more and more attention
in recent years because of its autonomous nature, ability to
share information and coordinate actions, and the potential
to be easily replaced from remote facilities.
The MAS based protection in this work operates based on
the local measurements available to each agent and on the
information exchanged between the adjacent agents, for
the later aspect, communication network conveys information to be exchanged therefore should be considered as a
vital determinant of system performance. So in this way, the
process of designing the MAS based protection for power
system warrants consideration of not only the dynamic occurs in the power system itself during fault situation, that
is how each agent should act, but also the phenomena that
brought by the communication network, such as communication delays and disruptions. Co-simulation method gives
a proper solution for concurrently analysis of power and
communication for its multi-physics capability.

ACS had previously developed a co-simulation environment
named VPNET, which consists of three main components
that realize the concurrent simulation, in dedicated environments, of the power and communication parts of a system. VPNET has then been recently extended to investigate
MAS based protection schemes. The environments involved
in the co-simulation are VTB, which simulates the power
system, and OPNET, which simulates the communication
network. Each agent of the MAS is represented as a communication node in OPNET communication model. The intelligence of each agent can be defined in Co-simulation Coordinator through a “S-function” based module, Each agent
is associated with an electrical component in the power
system layer (like PEBB in MVDC power system), which is restricted to communicate only with its neighboring agents..
The main contributions of this research can be summarized
as follows:
•

•

•

•

The development of a co-simulation tool for systematic
designing of the communication and protection infrastructure in power systems
The consideration of communication network properties such as network latency and reliability in the design
Extending the previously developed co-simulation tool
VPNT to enable it with the capability of simulation of
MAS schemes.
Works as the first stage toward real time co-simulation
with VTB-RT and OPNET.

Fig.: Architecture overview of the co-simulation environment
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Fault Detection in MVDC Power Systems with Wavelet-based Multi-Resolution Analysis
Medium Voltage DC (MVDC) topology is under consideration
for future all-electric ships. One of the new challenges related to this architecture is fault detection. In this research, a
multi-resolution analysis (MRA) based on wavelet-transform
(WT) is adopted to extract the features of different fault types. The energy of the wavelet coefficients is chosen as the
feature index. The Daubechies 10 (db10) wavelet and scale
10 are the chosen wavelet function and decomposition level. This method is applied to detect short circuit faults on
both primary DC bus and generator side AC bus to verify its
capability. For future research, pattern recognition methods
based on the extracted features, as well as on-line verification with RTDS and Digital Signal Processor (DSP)will be considered.
Medium Voltage DC zonal distribution architecture is proposed as a new distribution system for the all-electric ship
(E-ship) in which the presence of power converters is pervasive. In this context, the detection, location, identification,
and isolation of faults within the zonal distribution system
will be studied.

Fig. 1: Decomposition of WT-based MRA

In this research, we apply the WT to fault detection in MVDC
power systems. WT based analysis techniques have been
proposed extensively for fault detection, localization and
classification of different power system transients for its
capability to extract the abrupt-changing feature of the signals. The MRA is a convenient framework for hierarchical
representation of a function at its different scales using
discrete wavelet transforms (DWT). In the DWT, the MRA is
performed by passing the discrete signal through low-pass
and high-pass filters.
The energy contained in the wavelet coefficients of each
scale is used as the index for feature extraction. The db10
wavelet and scale 10 are the chosen wavelet function and
decomposition level, respectively. The WT method is applied
to DC current of the primary bus to detect the faults. The
results clearly show an increased energy at the decomposition levels from 6 to 10 of the faulted signal, compared
to the normal operating condition. For the next step of this
research, a pattern recognition method based on the extracted features, as well as the on-line verification with RTDS
and Digital Signal Processor (DSP)will be considered.

Fig. 2: Feature vector extracted from DC current under
normal and short circuit condition
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Metering Placement of PMUs and Smart Meters for
State Estimation in Active Distribution Grids
Monitoring systems are expected to play a major role in future active distribution grids, and hence the design of a suitable measurement infrastructure is critical. In this work we
investigate the feasibility and performance of introducing
measurements collected from diverse metering devices into
the distribution state estimation process.
Due to the increasing dynamics and uncertain, changing
behavior of the actors and the emergence of new control
needs in distribution grids, real-time monitoring is becoming more and more important. A key tool to achieve reliable and accurate awareness of the system conditions is
the distribution state estimation (DSE) based on accurate,
real-time measurements. For an incremental deployment of
the measurement infrastructure, the use of any available,
though heterogeneous, metering devices providing aforementioned measurement data can significantly affect the
DSE process for distribution grid.

This approach is validated first by applying it to a sample
case study representing a significant portion of an existing
distribution network and considering of different network
topologies and operating conditions. The preliminary results show that the proposed approach is particularly suited for active and smart grids, since it is capable of taking
into account the topological and operational changes that
characterize the future dynamic management of such networks. This method can assist distribution system operators
in making investment decisions to upgrade the infrastructure for the upcoming changes.
This research work is carried out in cooperation with Prof.
Carlo Muscas, University of Cagliari, Italy.

In this work, we start with the study on the meter placement problem for the DSE with heterogeneous measurements including measurement data from synchronized
phasor measurement units (PMUs) and Smart Meters, in
addition to measurements that are typical of distribution
networks, including pseudo and virtual measurements. This
work aims at defining a design approach for finding the
optimal measurement infrastructure for active distribution
grid. The design problem is solved in terms of a stochastic
optimization taking into account the accuracy requirement
and the overall uncertainty of the state estimates as well as
economic constraints.
The proposed method provides, for distribution grids:
• a tradeoff between accuracy of the state estimation,
number of PMUs and number of Smart Metermeasurements, and hence the incremental cost of new instru
mentation deployments, in distribution networks;
• a method for designing the measurement infrastructure for target accuracy of the state estimation.

Fig.: Optimization of metering placement with PMUs and
Smart Meters for Active Distribution Grids
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Voltage and frequency stability control in Microgrids
Microgrids are a topic of interest in future power systems as
they may represent the framework for local energy consumption and management, enabled by the pervasive presence
of distributed generation and storage resources. Microgrids
are expected to operate seamlessly in gird-connected mode
and islanded mode. Furthermore, besides ac microgrids, also
dc microgrids should be investigated, as they may constitute the initial nucleus of the penetration of the dc option in
power systems.
Comparative studies are on the way at ACS to evaluate
control strategies and device-level control options to be implemented in microgrids. These studies are for the moment
carried out in simulation.
The criteria for comparing different approaches have been
chosen to support both architecture and operation of the
microgrid. In particular, the criteria are the following:
•

Support of the plu&play feature of the generation
and storage devices. In a microgrid the resources
are not installed based on an overall plan, but
rather based on the local needs and availability

•

Assurance of the overall quality of power and
continuity of service. This aspect will be
formalized primarily in terms of stability of voltage and frequency (for the ac system).

For the purpose of this comparison, we have developed a
library of components and schemes in Modelica/SimulationX. The use of these models is not limited though to the
preliminary study presented here. Instead it can be used
for many other scenarios, particularly where the model of
buildings and in general thermal and mechanical systems is
involved. This is the case for example in systems where the
coupling between energy grids is the way to achieve more
local flexibility in energy usage and storage.
At the moment the most classical schemes based on droop control logics have been implemented. Results for these
scenarios have been obtained in dynamic conditions and
with dynamic models.
Currently we are working on the improvement of the droop
logic, applied to dc as well as to dc systems.

Fig.: Schematic control strategy for microgrids
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Impacts of PMU uncertainty on voltage stability
assessment in power systems
Phasor Measurement Units (PMUs) are under consideration for various applications in power system, among which
voltage stability is a very relevant one However, there is still
a lack of information on the accuracy that is required from
PMUs in the synchrophasor measurement specifically for
this application. The goal of this research is to fill this gap
by investigating the impact of synchrophasor measurement
uncertainty on voltage stability assessment and control and
as a consequence determining a target value.
Synchronized Phasor Measurement Units (PMUs) are becoming a key element of monitoring, protection, control
applications in power systems and are the basis for the implementation of Wide Area Monitoring Systems (WAMSs).
Synchrophasors obtained from PMUs can provide useful
and early information regarding arising stability issues in
the power system.
On the ground of the existing synchrophasor standard and
practical experience, a variety of PMU uncertainties are modeled and different combinations such as only magnitude
error, only phase angle error and the mixed type consisting
of both errors, in the form of Gaussian distribution and approximate U-distribution separately, are designed for test to
find the worst impact.

Fig. 1: Illustration about impact of PMU measurements
uncertainty on voltage stability assessment

To obtain a comprehensive and reliable conclusion, both
global and local indexes of voltage stability are considered. Selections of IEEE standard networks are adopted as
case studies. The impact of PMU accuracy in voltage stability assessment is analyzed. Such analysis constitutes the
first step to developing the background for defining the
required performance characteristics for synchrophasor
measurements used for instability detection. The stability
methods are also considered with respect to the robustness
to PMUs' uncertainty as a criterion for choosing the most
suitable method for stability monitoring.
The power system for test is modeled in Real Time Digital
Simulation (RTDS) platform. The simulated instantaneous
voltage and current signals can be recorded on PC, and then
the saved data is sent to MATLAB platform for the off-line
applications including synchrophasor calculation, uncertainty modeling and different voltage stability assessment
testing with and without considering the uncertainty.
This research work was initiated and is carried out in cooperation with Prof. Carlo Muscas, University of Cagliari, Italy.

Fig. 2: Experimental platform for voltage stability research
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A GUI in MATLAB for fast uncertainty analysis with
non-intrusive Polynomial Chaos
In recent years, there has been increasing focus on uncertainty analysis in the energy sector, as well as many other
fields. While the widely used Monte Carlo simulation is effective, its speed in a system with few uncertainties cannot
compare to more sophisticated methods like non-intrusive
Polynomial Chaos. This recently developed theory, however,
involves advanced mathematical concepts, making its application a demanding exercise. For this reason, we have developed a graphical user interface in MATLAB, which allows
the use of non-intrusive Polynomial Chaos without previous
knowledge.
In modern energy research, uncertainty plays a significant
role. For example, a major factor is the increasing share of
energy generated from renewable sources, of which many
depend on the weather. Thus, future energy systems can no
longer be treated as deterministic. The understanding of
how uncertainty propagates through power systems provides the possibility of designing adequate control and operation strategies.

tics. The numerous adjustments which must be made for
different types of random input are another downside. At
ACS, we have developed a graphical user interface (GUI) in
MATLAB which facilitates the application of NIPC.
The GUI consists of two parts. In the pre-processing interface, the user may choose the number of involved random
variables and their distribution type, as well as some information on desired approximation orders. From this information, a text file is generated, which contains all combinations of parameter values which must be evaluated in
the external solver of an arbitrary simulation platform. The
results of these simulation runs are fed into the post-processing interface which allows the user to choose different
time instants and histogram options for sampling.
In this way, stochastic simulations with few random parameters can be accelerated with little effort. The only necessary input is the knowledge of the parameter types of the
system of interest, no longer the understanding of PC based
methods.

In systems with few random inputs, Polynomial Chaos (PC)
theory is a fast concept of stochastic analysis. Classical
PC consists of a representation of stochastic parameters
which, inserted into the system equations, leads to a new
set of deterministic equations. Non-intrusive Polynomial
Chaos (NIPC) exploits the principle of PC, while preserving
the original equations and therefore being applicable to
black box simulations. In this way, NIPC can replace a Monte-Carlo simulation without change to the solver. For a distribution system with wind and solar generation, uncertain
parameters are e.g. wind speed and irradiation. The system
could be evaluated twenty-five times for each combination of parameter values of the two uncertainties. Finally,
the results would be post-processed to assess the generated energy rather than repeating the simulation randomly
many thousand times.
One of the main drawbacks to PC-based concepts is the
depth of their mathematical foundation, involving advanced functional analysis, approximation theory and stochas-

Fig.: Post-processing user interface for sampling of simulation results
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Smart Power Hamburg: A Virtual Power Plant (VPP)
with Coordinated Operation of CHP, Smart Buildings
and Storages
Smart Power Hamburg is a research project funded by the
German Federal Ministry Bundesministerium für Wirtschaft
und Technologie to analyze, develop and demonstrate the
integrated operation of a Virtual Power Plant (VPP) incorporating mini Combined Heat and Power (CHP) plants and
buildings with intelligent control in the city of Hamburg.
The administration of the city of Hamburg would like to
reduce the CO2 emissions by 40% by 2020 as compared
to 1990. To reach this goal, Smart Power Hamburg aims at
investigating, developing and demonstrating new approaches of city heating and electricity supply. The local energy
supplier Hamburg Energie and the academic partners work
on the coordinated operation of CHP and buildings with intelligent control, as a significant step to establish an overall
optimized energy supply.
The holistic approach of this project is to incorporate a large number of buildings with different power demands, installed CHP plants and storage systems to build up a Virtual
Power Plant (VPP) that can balance the energy consumption in building loads as well as provide ancillary services to
the overlaying electricity grid. The CHP plants will be operated electricity-driven, while capturing the heat for further
use. For the heat storage, already existing appropriate structures, such as swimming pools and overhead bins will be exploited, rather than building new facilities. This concept will
be facilitated through an innovative open information and
communication technology (ICT) platform and an agent
based control system with distributed intelligence. The system components such as CHPs, buildings and storages will
be equipped with local control and communication intelligence interacting with the VPP central control unit.
The other partners in this project are: Institut für Hochspannungstechnik (RWTH Aachen), Forschungsgemeinschaft für
Elektrische Anlagen und Stromwirtschaft (FGH), Hochschule für Angewandte Wissenschaft (HAW) Hamburg and HAMBURG ENERGIE.

ACS contribution is mainly concerned with first work package (WP) of the project, “Modeling and Simulation”. The goal
of this work package is to set up an integrated simulation
platform of the overall system including all models of the
relevant system components such as CHPs, buildings and
storages. The simulation platform will be used to evaluate
the operational concept of the VPP developed in other WPs
and for the development and optimization of the control
concept for the VPP. For this purpose, a multi-agent system
(MAS) based control concept for the VPP and IEC 61850
based communication technology will be implemented and
evaluated in the simulation. In the Modeling and Simulation
work package, ACS is working together with partners on the
CHP modeling and the integrated simulation of the overall
system as well as the development of the control concept.

Fig.: Picture of the Historical Port of Hamburg – Public
Buildings will be included in the Virtual Power
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Real-time Testing platform for distributed
intelligence
This platform integrates the simulation of the power system with that of distributed intelligent or computational
resources. RTDS simulates the power system, while the other
resources may be PMU emulators, Agent implementations,
decentralized state estimators or emulators of control and
protection devices. This platform allows for quickly implementing and testing innovative concepts and algorithms for
distributed intelligence in power systems.
The real-time simulation environment of the intelligent devices is achieved with LabVIEW Real-Time Target. Data acquisition and synchronization is realized with the FPGA card
connects to Real-Time Target via PCIe port.
The communication between RTDS and testing platform
can be realized by two ways: 1. GTIO: traditional communication method, using analog and digital I/O port. 2. GTNET:
it provides real time communication to and from the simulator via Ethernet. It allows for the transmission of the data
directly in the digital form in which they were calculated.
There are four different communication protocols available for the GTNET, IEC 61850 GSSE and GOOSE, IEC 61850-9-2
Sampled Values, Distributed Network Protocol (DNP) and
GTNET-Playback.

PMU emulators or protection equipments, which need limited number of sampled values via SV protocol or GTIO port;
particularly it can implement the integrated simulation of
distributed measurement devices and control for fast reconfiguration via the collaboration of the different communication methods.
Case study: We have already tested a simple distributed state estimator in our testing platform. A simple DC power system was implemented in RTDS; the decentralized Kalman
Filter was implemented in three real-time distributed state
estimators to observe the current and voltage in different
location; GTIO was used to provide the communication between the RTDS with FPGA of each estimator, and each estimator could also exchange information via TCP/IP protocol;
signal generator was used to synchronize each estimator
via FPGA.

Furthermore, due to the interdependence between the power network with the communication infrastructure, more
and more distributed intelligent devices, such as distributed
measurement and control for fast reconfiguration of power system, need an WANem (Wide Area Network Emulator),
which can be used to emulate WAN characteristics like time
delay, Packet loss, Disconnections, etc. It was developed at
ACS and be explained in another annual report.
Because of the implementation of the various and complicated communication methods, the flexibility of the testing
platform has been increased. It can individually implement
the control center, which needs to exchange a large number of different kinds of data with the subsystems via DNP
protocol; it can also individually realize multi-distributed

Fig.: Real-time testing platform
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Real-time simulator for wind farms
Wind energy provides and increasingly significant share of
the energy balance, particularly from large, off-shore wind
farms. To analyze, using Hardware In the Loop methods, the
impact of wind farms on the grid, real time simulation is an
critical 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.
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, and for
certification purpose, for example for testing real equipment prior deployment with Hardware In the Loop technology, or to assess the compliance of a wind farm with the
grid code.

Thanks to use of parallel computing will be possible to analyze the whole wind farm at system level, checking its impact on the grid, and at same time have a detailed description of each tower down to the switching converter detail.
In order to realize the simulation of such large system, with
very different time scales, we plan to exploit the extensive parallel processing capability that we have. A dedicated
DSP cluster, where each processor hosts the model on one
component (e.g. a wind tower, the energy collector), 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.

Fig.: Wind simulator structure
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Parallel Simulator for Large Power Systems
The need for a fast numerical method that ensures stability
and accuracy for real-time simulation of power systems still
remains a challenging problem for researchers. A new approach, based on an explicit integration method and parallel
execution on DSPs, is proposed.
Power system equations represent a particular class of stiff
systems difficult to solve numerically and challenging to simulate in real-time. This is due to the presence of coupled
sets of implicit differential and nonlinear equations which
may describe ill-posed problems. In order to overcome
some of these issues, we propose a new approach to this
challenge. The overall structure of the proposed parallel circuit simulator is summarized in the following three main
phases (see Figure 1):
Network description, where the state equations of the circuit are constructed, and every dynamic element of the network is then replaced by its companion model. In this phase
also the partitioning of the system and the load balancing
among the DSPs are performed. Components solution, where the initial values for every component of the circuit are
set and the companion models are solved on each DSP. Network solution collects the values found for each element
of the circuit, and performs the triangular substitution on
the factorized network matrix, in order to obtain the system
solution (see Figure 2).

Fig. 1.: Distributed simulation process

As the factorization process of the network matrix is performed off-line, and the on-line triangular substitution phase
only depends on the execution time of the components solution process, the most time critical task is highly affected
by the selection of the integration method for the timediscretization and linearization phases, inside the network
description process. We propose to use partitioning techniques, so that the forward and backward substitution processes will be distributed among the DSPs. The approach
presents four main advantages:
•
•

•

•

The solutions of the single components are distributed between different DSPs.
The elaboration time is reduced and exactly predicted, given that no multiple iterations are
required.
The size of the matrix that describes the system is
reduced, since components solved using state
equation do not present internal node.
The process of building the solution is easy to
automatize, since the resistive companion frame
work is used.

Some preliminary results, performed on a CPU architecture,
have shown that our approach may be effectively used for
distributing real-time simulation on different DSPs. We are
now preceding with an analytic assessment of the stability
analysis at system level, and with tests of the proposed approach applied to different components that, present particular challenges (machines and power converters).

Fig. 2.: Network solution phase
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Multi-Physics Test Setup for On-Shore Wind Turbines
The comparison of different concepts in connecting the drive
train of wind turbines with the grid and the evaluation of the
overall system’s performance is a major challenge because
all components from rotor hub to grid interface converter
should be considered simultaneously. This is especially true,
as the installed power rating of wind turbines increases
even more and new approaches of the system design must
be considered.
A consortium of seven RWTH Aachen University Institutes
across two faculties is involved in a public funded Hightech.
NRW project on the improvement of the operation behavior
of on-shore wind turbines. Both the Institute for Automation of Complex Power Systems and the Institute for Power
Generation and Storage Systems are involved in the project.
The power rating of the test setup has been set to 4 MW,
compatibly with ground transportation constraints and
consistently with the focus on-shore wind turbines. In fact
it is expected that the majority of on-shore turbines will be
in the lower multi-megawatt class.

Stage two of the project consists in the upscaling of the
HIL test setup to 4 MW. A proposal for public funding has
been accepted that aims at supporting the construction of
the according test bench. The setup developed in this stage
will support more degrees of freedom in the applied mechanical forces (additional dimensions) and the electrical
grid system (grid code testing).
The test bench allows for the investigation of highly dynamic physical domains that are relevant for the operation of
a wind turbine. The precision of the acquired measurements
supports to test the compliance with Grid Code and standardization requirements. Using this test bench the overall
compatibility analyses is accelerated significantly.

The test setup of the consortium has been divided in two
stages. In stage one an existing heavy drive train test setup
is used as a base for validating the Multi-Physics HardwareIn-The-Loop (HIL) infrastructure on an 850 kW Vestas V52
fully equipped nacelle. This stage already includes full HIL
electrical and mechanical testing. A 1 MW electrical drive
will then be connected to the rotor hub of the nacelle emulating the mechanical forces that are caused by the wind
onto the rotor. The generator of the nacelle with its converter (Doubly Feed Induction Generator) is connected to a
grid emulator (with a power of more than 2 MW to support
grid faults) that actuates the behavior of the electrical grid
at the terminals of the generator.
With this setup normal operation conditions as well as fault
conditions can be tested at the nacelle for all relevant physical domains. Pervasive sensing and monitoring allows for
investigating each individual part of the drive train, to determine the stress of the individual components. Looking
at both the electrical and mechanical side in parallel, the
interactions between the two domains are considered.

Fig.: Vestas wind turbine (copyright: Dirk Ingo Franke, CCBY-SA license)
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Multi-level Modeling for simulation based design
Simulation has become an indispensable support in the
design process. This is particularly evident in the design of
complex, multi-domain and multi-physics systems. In these
cases in particular, though, the set-up of the scheme to be
simulated is a challenge in itself. With this work we aim at
defining an automatic method for the selection of the right
level of detail of the models given the design objectives.
To implement a simulation platform with automatic model
level selection features, we propose a process to synthesize
the differences in accuracy between the levels of the model
of each component. This process comprises a preliminary
simulation phase, performed once for all, that yields the differences between levels in a stochastic sense by exploiting
the Collocation method. The results of this preliminary analysis are then synthesized in a sensitivity function, which
is the base for level selection. In this way we evaluate the
uncertainty caused by a lower accuracy level on a specific
variable as consequence of a specific dynamic event, and
independently from the operating point. The process of synthesizing the differences between levels is then completed
by transforming the sensitivity function via discrete wavelet transform. This new and final step in the description of
the accuracy differences between levels was introduced to
allow for the use of a rule-based approach to the automatic selection of the components levels for a specific design
objective. The acceptable uncertainty introduced by a lower
accuracy components level depends on the design objective expressed as a design function.
The rule-based approach emulates the common reasoning,
and although it may not produce the absolute optimal combination of levels, nonetheless it provides a satisfactory tradeoff and can be automated. In fact, in principle the optimal
level selection could be achieved based on the analytical or
numerical calculation of the exact accuracy of the variables
of interest for design, yielded by any given combination of
levels. This option has been discard as poorly scalable and
leading to excessive computational overhead that would
nullify the advantage of the automatic model level set-up.
Furthermore, one more reason behind the choice of a rule

based approach for the level selection is that, in many cases,
the selection is to be performed only on a subset of components. In fact some component levels may be fixed for particular reasons (e.g. negligible dependence of the design variable on the model of another subsystem due to distance or
specific needs of the designer). With a rule-based approach
many combinations of levels can be immediately discarded,
just checking some properties of the components. All these
information have to be embedded in a meta-model containing the different models of the components, together with
all the information associated with that (e.g. range of validity and computational cost of each model).
The final goal, for which work is still in progress, is to develop a fully automatic rule-based selection of the models levels, conceptually based on the requirements of the design
function and numerically based on the requirement of the
wavelets coefficients.

Fig.: Steps to synthesize the differences between model
levels
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Modular Simulation of electrical distribution networks with detailed building models

The goal of this project is to develop a flexible simulation
platform where the loads and distributed sources can be
modeled in detail, with particular attention to thermal and
electrical model of buildings.
This simulation platform enables the analysis of combinations of time domain load and source behavior instead of
relying on lumped quantities such as statistical load profiles

from historic data.
The electrical distribution network is implemented in RTDS,
and it is modular even with respect to the RTDS hardware
as each module is fit for one rack. The modular portions of
the distribution network are then interconnected in RTDS at
substation level. The real time loads and sources, including
the building models comprising the thermal behavior, are
modeled in Modelica.
In this project, one sample German distribution network is
used as a case study. To cover a variety of topologies and
characteristics, it comprises rural zones, village zones, and
urban and suburban zones. Each zone is implemented on
one rack of RTDS, and connected to a substation. The substations are connected through a standard IEEE 5- bus MV
network. The loads of buildings and the distributed sources
are simulated with Linux RT system. These calculated values
are then passed on to RTDS to be used as load and source
values.

Fig. 1: The structure of Distribution Network

Fig. 2: The Sample Distribution Network

Distribution Networks are a portion of the electrical network
where smart grid evolution is more visibly taking place particularly in the form of flexible load characteristics, and the
integration of renewable and distributed energy resources.
Furthermore, the coupled operation of the electrical grid
with the heat and other energy grids makes the integrated
simulation of electrical loads and sources and thermal loads
and storage in buildings relevant. The modular distribution
network coupled with building models presented here provides an extremely flexible and power tool.
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Multi-physics HIL test bed for Home Energy Systems
The outcome of this project is a multi-physics test bed, based
on Power-Hardware-in-the-Loop (PHIL) technology, for testing Renewable Energy Systems (RES) and Home Energy
Systems (HES). Homes, as the future melting pot of different
forms of energy, are one of the key enablers for the smart
grid technology. This test bed comprises thermal, hydraulic,
communication and electrical interfaces, thus, allowing for
testing a great variety of HES including electrical generators
and loads, heating systems with thermal generators and
loads, as well as communication and control infrastructure.
The PHIL test bed allows for testing HES setups comprising
a variety of different components. Following the Hardwarein-the-Loop concept some components may be present as
physical hardware; others may be represented by software
models and emulated by hardware interfaces. The component types which can be tested as physical hardware reach
from heating devices, thermal loads, electrical loads and
generators to control devices, e.g. smart home controllers.
Also a combination of more than one device simultaneously
under test is possible.

based language Modelica have been chosen as modelling
environment. SimulationX offers the export of C-Code which
can be adapted to the requirements of the real time Linux
simulator.
In order to close the loop between software simulation and
the device under test, several interfaces are necessary and
have been developed. The hydraulic interface developed
by EBC allows for emulating thermo hydraulic sources and
loads. The thermal interface realized as a climate chamber
is especially designed to test air-to-water heat pumps. Any
weather condition of temperature and humidity can be
emulated.
The electrical interface, a 25kVA converter designed and
realized in-house, represents for the home the point of
common coupling to the electrical grid. The selected converter topology allows for testing all kinds of unbalanced
three-phase AC systems, two independent single-phase AC
systems or two DC systems. The high switching frequency
of 40kHz allows for tracking the fast dynamics computed by
the real time simulator.

Our simulator runs the models of the components, which
are not present as physical hardware, in real time in order for the simulated models to be synchronous with the
physical components. SimulationX by ITI and the equation

Fig.: HIL Test Bed
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Performance Evaluation of Large PV Systems
PV systems are major contributors to renewable energy generation. During the last decades technology is improving
quickly and production cost is decreasing. Large PV plants
have been successfully deployed or are about to be taken
into operation. Because of the increase of the power rating
of these plants, PV installations cannot be neglected for the
layout and operation of power grids that they are connected
to. The Institute for Automation of Complex Power Systems
together with the Institute for Power Generation and Storage Systems is taking a closer look to optimize the performance of a multi-megawatt PV plant installation.
In the design process of a large PV system on the island of
Sardinia, a dynamic simulation of the plant is carried out
to support the performance optimization and fault analysis of the plant including the grid interconnection. Several
different layouts of the plant architecture are investigated
and compared. The design process takes advantage from
performance data of existing PV plants. For the assessment
of the final realization of the plant, additional measurement
devices will be tracking the behavior of the PV installation
to optimize the performance of the plant operation.
The simulation includes the PV modules themselves and
the environmental factors, such as irradiation, temperature
and shading as well as on modeling of the electrical grid
with its components. As this simulation scenario involves
various physical domains, two simulation tools with their
own strengths have to be used. The PV modules and the
environment are modeled in the tool PVsyst with a time
step of one hour. PowerFactory instead is used to model the
grid components both of the plant and the utility grid dynamically in the range of µs. An interface integrates the two
simulation tools and exchanges simulation results.

Sensitivity analysis is used to optimize the complexity of the
model and decrease the simulation burden. As far as reliable measurements are available, the simulation results both
for the individual components and for the entire PV plant
are validated against existing data from real PV plants. The
modeling of the electrical grid includes the control of the
converters as well. Therefore, the behavior of the PV plant
for normal and fault conditions can be investigated in the
simulation environment.
Alternative architectures of the PV plant are investigated in
simulation. In particular, the influence of different DC collector systems is analyzed. As a result, the main factors that affect the efficiency of the PV installation can be determined
and steps for an overall energy optimization can be derived.

Fig.: Large PV plant in Bavaria (copyright: OhWeh, CC-BY-SA
license)
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Hardware in the Loop Testing of Shipboard Power
System
The objective of this project is to provide a power hardware
in the loop platform to validate innovative control strategies
that guarantee stability in multiple generator and multiple
constant power loads in DC systems. This project is funded
by ONR (Office of Naval Research). ACS, the main contractor,
collaborates with the University of Trieste in Italy.
From the ongoing effort to compare various power distribution solutions for the all-electric ship (AC and DC, i.e. MVDC
versus HFAC), it emerges that two challenges of the MVDC
option are: the lack of methods for control development in
a multi-machine system and the PHIL testing. The main target of this project is to provide a MVDC reference case be
simulated in real time simulation software that can implement a feasible innovative control solution, particularly to
implement it within the Power-level hardware in the loop
testing, which consists of the commercial off-the-shelf components (real industrial converter and controller). The main
objectives and approaches to achieve them are:
•

•

•

Software level: Simulation of a detailed mathematical
model of the MVDC distribution system including gas
turbine generation implemented in VTB and RTDS to
validate various integrated control system.
VTB: ACS has extensive experience with the use of this
software and has participated in the development of
it. The model of the MVDC in VTB is used to support
off-line preliminary analysis: i.e. dynamics at the generation level and interaction with constant power loads
RTDS: The real-time model of the shipboard power system without control solution, meanwhile the control
solution will be implemented in the off-the-shelf controller, will provide the test signals to online hardware
in the loop testing.

•

•

Signal-level Hardware in the Loop: Validation of the
integrated control system, which will be explained in
another report of E.g. Marco Cupelli ‘Multi-terminal
Control of CPL’ embedded in an industrial controller
platform. This controller will receive the measurements
from the MVDC in RTDS and send control signals to the
digital excitation system of the generator, to the speed
governor of the prime mover and to the interface ACDC converter modeled in RTDS, hence realizing Hardware in the Loop testing.
Power-level Hardware in the Loop: Validation of new
controls in a reduced scale system based on an industrial converter. The shipboard power system model will
be partly simulated in RTDS and partly physically built
from commercial components. The control software
will run in an off-the-shelf controller.

Fig.: Structure of HIL setup
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ESS (EUROPEAN SPALLATION SOURCE) grid simulation
project
The target of the project is to assess the impact of ESS on
the regional grid and of the grid on ESS (including the effect
of renewables). The task of Institute ACS is to develop a simulation model for the regional electricity grid around and
including the ESS installation in Lund Sweden. Via simulation, it is able to predict disturbances that ESS can cause into
the regional electricity grid and also to predict any failure in
the ESS installation that can be caused by the regional grid.
The model should be developed taking into account that ESS
energy solution - energy for sustainable science.
The Real Time Digital Simulation (RTDS) will be used for
performing this simulation. The electrical components needed to establish in RTDS include: transmission lines, generator, transformer, load, breaker and switch, protection and
control strategy. Once the required data is obtained, ESS
internal and external grid configuration, production, storage, back-up and control can be modeled in the simulation
platform. Mechanical modeling of klystrons and other nonelectrical process related equipment should also be included and made equivalent to electrical value.
With developing trend of the international energy strategy
is to energy efficient, clean and low-carbon direction, the simulation model should be designed considering that energy efficiency and reliability, which are two major focus areas
for ESS and for E.ON. Meanwhile, further expansion of the
facility is possible to simulate the efficiency of the energy
usage, integration of renewable energy such as wind and
solar energy production in the regional grid, possibly with
DC/DC conversion and transfer to ESS.

bility (voltage, angle and frequency) analysis, disturbance
and fault behavior such as short circuit, loss of generator or
transmission line, load modeling, the modeling of renewable energy and dynamic real time simulation.
The project should be executed by Institute ACS participating with Institute PGS of E.ON Energy Research Center. Participants from E.ON Nordic, EERC and ESS should be formed
to as a reference group for the project. Cooperation with
LTH should be involved, for testing the model and for the
subsequent applying the simulation model to evaluation of
the plant operation.

Fig.: Simulating the impact of ESS energy system being
connected on the regional electricity grid

The outcome of this project is a comprehensive analysis
for a complex system, which is a perfect combination of
different technologies in power system, including the sta-
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Dual Demand Side Management Demonstration in the
InnovationCity of Bottrop
In the year 2010 the city Bottrop won the regional funding
competition InnovationCity Ruhr. The compelling concept
“Blue sky, green city” has the aim to demonstrate the transition to alternative energy sources for a typical city in the area
of the “Ruhrgebiet”. ACS and EBC will implement with the
support of E.ON AG a demonstration of 2DSM concept and
support the Bottrop’s goal of a greener city. The implementation of the concept over the next ten years and beyond is
supported by the city council, citizens and industry. Currently, various pilot and research projects in the field of smart
grids, smart homes and green energy are running in parallel
in Bottrop, funded by the InnovationCity initiative and by industrial sponsors.
2DSM aims at the improvement of the energy efficiency of
the existing building stock while at the same time increasing the flexibility of electricity generation and consumption in order to support the integration of renewable energy
sources. The energy efficiency of city quarters can be increased by alternative heating systems like fuel cells, CHPs
or heat pumps. These heating systems link the electrical
and thermal grids directly. The larger time constants of the
thermal system, compared to the electrical system, will be
used to gain flexibility on the electrical side in order to support the integration of volatile Renewable Energy Sources.
Within the project 2DSM ACS and EBC institutes cooperate
to provide the scientific background for the closer integration of electrical and thermal systems. Essential is the consolidation of electrical and thermal aspects as a result of
these institutes cooperation.
ACS is responsible for the setup of the real time simulation
platform and the system’s electrical model and participates
in the development of the 2DSM. Hereby modeling and simulation are carried out at a very detailed level, including

e.g. exact length of line segments, buildings and communication feasibility. In this scenario, simultaneous investigation of grid behavior, in presence of distributed generation,
also communication potentials are analyzed and developed. Furthermore, loads are no longer just passive energy
consumers following a load profile, but active grid participants with individual time behavior. In effect, a highly modular realization of the model of the distribution networks
will be developed, that accommodates detailed models of
the buildings. Detailed, time domain load behaviour will
be investigated, moving away from the use of statistical
load profiles. Hence the investigation of a variety of combinations and scenarios for load-production behavior will
be possible. The developed platform can then be used for
other types of analysis involving the dynamic behavior of
distribution networks.

Fig.: Large PV installation as example of sustainable power
generation
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Chronicle
December 2011
13-22

ACS supervises 19 students of electrical engineering
in the first semester project “Matlab meets Lego
Mindstorms”, organized by the Institute for Imaging
and Computer Vision

12

Prof. Monti visits the European Spallation Source in
Lund together with Prof. De Doncker

9

ACS supports IAEW in organizing the “Tag der Elektrotechnik 2011”. Ms. Togawa serves as host for the event

November 2011
23

ACS moves to the new E.ON ERC building

15

Prof. Monti attends the IEEE Conference Smart Measurement for Future Grids. He holds a keynote speech,
presents a regular paper and chairs a panel

2-4

ACS hosts the General Meeting of the FP7 project
FINSENY, part of the Future Internet Initiative of the
EU Commission

October 2011
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12-14

Prof. Ponci attends the Administration Committee of
IEEE Instrumentation and Measurement Society.
During the meeting a slate of candidates for the next
cycle is approved and Prof. Ponci is proposed as the
future Vice President for Education

12

Arrival of M.Sc. Zixuan Rui

10

Prof. Song Shoujun from Northwestern Polytechnic
University in China visits ACS to define possible future
collaborations

9

Prof. Monti and Ponci deliver a Tutorial on Future Grid
Automation at IEEE Intelec in Amsterdam together
with Prof. De Doncker

5

ACS supervises 25 first year students of electrical
engineering for the project day of the first semester
week

Chronicle

1

Hiring of Dipl.-Ing. Ivelina Stoyanova and appointment
of Dipl.-Ing. Bettina Schäfer as chief engineer

September 2011
28-30

ACS hosts the second edition of IEEE AMPS in Super C.
ACS contributes two papers of which one is presented by Mr. Tang

26-27

Prof. Monti and Mr. Cupelli participate in the 5th
IntelliCIS workshop in Milan. ACS contributes with
two presentations

16-18

ACS organizes a strategy workshop for all institute
members to discuss future activities

August 2011
29

Mr. Helmedag presents a poster about a paper at EPE
2011 in Birmingham

28

Prof. Monti and Mr. Liu are at IFAC 2011 in Milan.
Mr. Liu presents a paper

24

Prof. Monti gives an invited speech at the workshop
Fiber To The House in Winterthur

13

Prof. Monti is in Munich for the Smart Grid Stakeholder Group

June 2011
28

Prof. Monti gives a keynote speech at Bell Laboratory
in Stuttgart

27-30

Prof. Monti, Prof. Ponci, Ms. Togawa and Mr. Benigni
are at GCMS 2011 in The Hague. 5 papers are presented from ACS. One paper by Togawa, Benigni and
Monti receives the 2nd Best Paper Award

20-21

Prof. Monti gives an invited talk in a special session at
IEEE PowerTech in Trondheim
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14-16

Prof. Monti presents a paper at ICCEP in Ischia (Italy)

15

Hiring of Dipl.-Inf. Hakima Lakhdar

May 2011
20

In a press release ACS presents the installation of 8
new racks of RTDS (Real Time Digital Simulator)

13-14

Prof. Ponci attends the AdCom of the IEEE Instrumentation and Measurement Society

8-12

Prof. Monti, Prof. Ponci and Mr. Benigni are at I2MTC
2011 in Hangzhou (China). Mr. Benigni and Prof. Monti
present two papers, Prof. Ponci chairs one session

2-3

Prof. Monti and Mr. Liu are present at the Kick-off of the
EU project FINSENY

April 2011
1

Hiring of Dipl.-Ing. Bettina Schäfer

23/0305/04

Visit of Prof. Dougal from University of South
Carolina

March 2011
2-9

Prof. Monti teaches at the PhD School of Politecnico
di Milano

February 2011
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9

Prof. Monti and 10 research associates from ACS visit
the E-world exhibition in Essen

3

Prof. Monti gives a presentation to the Chamber of
Commerce of Milan on the topic Impact of the Smart
Grid on the Green Economy

Chronicle

Energy Efficient
Buildings and Indoor
Climate

Univ.-Prof. Dr.-Ing. Dirk Müller

Preface
After a very intensive period of continuous growth between
2007 and 2010, the Institute for Energy Efficient Buildings
and Indoor Climate has now reached its intended size and
structure. Due to the support of our partners in science and
industry, and with the help of the German Government and
the European Commission, we have been able to stabilize the
total number of staff at 60. This process has been enabled by
the very dedicated work of all our staff members, including
our students, and by the excellent support from our center
administration. Started in 2010, our new research topics on
energy-efficient city quarters and decentralized energy conversion systems have evolved into an especially important
part of our research portfolio as a result of the committed
work of our research associates, software engineers, and student assistants. Due to the multiplicity of activities going on
at our institute, we have changed our internal organization.
Now, two chief engineers and six specialists work to guarantee an efficient work flow and ongoing knowledge exchange.
I would therefore like to express my gratitude to everyone for
their devoted efforts to enhance our research work!

energy is distributed via concrete core activation. Additionally, a combined heat and power generation unit drives a
sorption-supported air-conditioning unit that provides fresh
air to seminar rooms and student study rooms. All offices are
equipped with a new type of façade ventilation unit, covering
parts of the loads by an adaptive heat recovery system.

After our new experimental hall was completed in March
2010, the construction teams of RWTH Aachen University
and the Department of Construction and Inspection of North
Rhine-Westphalia (Bau- und Liegenschaftsbetrieb NRW)
started to focus their energies on our new main building.
Many thanks are due to all the members of the planning
and construction team. In particular, I would like to mention
Geva Aschhoff, Claudia Klinkenberg, Tanja Osterhage, Martin
Schmidt and Johannes Fütterer for their strong commitment
to and support of this “large-scale research project”.

The building performance is calculated dynamically using an
in-house code based on the programming language modelica. The computational model of the building includes single
rooms, room clusters, and one overall building model. Additionally, all of the technical equipment such as pumps, fans,
pipes, and the activated concrete core will be modeled in detail. The simulation model is linked to a geothermal model of
the underground in order to predict overall system performance. This geothermal model is part of an ongoing research
project with our partner, the Institute of Applied Geophysics
and Geothermal Energy (GGE).

The new main building combines new office spaces and
meeting rooms for our center with the ongoing experiment
to create an advanced building supply system. The energy
concept of the new main building is based on a turbo compressor heat pump using geothermal energy and internal
heat displacement, including IT cooling. The “low-exergy”
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During the first year of operation, the building’s control strategy will be improved on an ongoing basis. The monitoring
will reveal weaknesses in the strategy and will allow for fast
malfunction analysis. The monitored data will be compared
with the results of the simulation in order to enhance both

the computational model and the real building’s supply system. The resulting know-how supports new ways of reducing
the CO2 emission of buildings while meeting the highest thermal comfort standards.
At the same time, we have continued to work on ambitious
projects in our experimental hall. The design of the hall allows for flexible usage, and initial experimental set-ups have
provided proof that the concept works. Nevertheless, its full
potential and the multitude of possible applications will only
be revealed in the years to come. Due to the impressive performance of all the members of our mechanical and electrical workshop, we could implement and operate new experimental set-ups for room airflows, comfort studies, full-scale
façade measurements, and hardware-in-the-loop testing for
advanced supply systems. Today, we can offer state-of-the-art
experimental work in the areas of heating, cooling, ventilation, and air-conditioning!

on retrofit concepts for residential buildings together with
Volkswohnung Karlsruhe, one of Germany’s major local real
estate companies. This type of research provides interesting
information about the ways people use and operate new
building technologies. The results indicate that only a part of
the calculated savings will be achieved in practice, depending on the chosen technology. Based on these results, we applied for a new research grant to study the technical aspects
of the so-called rebound effect in more detail. As is typically
the case in science, new findings provide some answers and
even more open questions.
Finally, this year saw the beginning of a new collaboration
with the Institute of Automation of Complex Power Systems
(ACS). The goal of the “Dual Demand Side Management” project is to develop the intelligence needed to manage a multigrid system at city quarter level. In detail, we proposed the
development of a new concept designed to simultaneously
meet the needs of the local systems and the need of the grid
infrastructure. This project is focused on the InnovationCity
Bottrop in the Ruhrgebiet area of North Rhine-Westphalia.
It was the financial support and guidance of the E.ON AG that
made the establishment of the E.ON Energy Research Center possible at our university. As one part of the center, the
Institute for Energy Efficient Buildings and Indoor Climate is
determined to make good on this investment by means of
research results, education programs, and a challenging partnership. It is with gratitude that I acknowledge all E.ON board
members and Dr. Ewert for their advice and interest in the
center’s activities.

Both full-scale experiments like our main building or different set-ups in the experimental hall and advanced simulation
methods are used to optimize supply systems and to prove
the advantages of new concepts. Additionally, field studies
offer a great opportunity to investigate new concepts in practice. This year, we could finish one of our largest field studies

CONTACT
Univ. Prof. Dr.-Ing. Dirk Müller
Director EBC
Mathieustraße
Main Building
52074 Aachen
Germany

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

Preface

69

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

68

Organization Chart

72

Team

73

Members of Staff

74

Technical Equipment and Lab Space

76

Teaching

78

Software Development at the EBC

81

Research Project Descriptions

70

Solar Decathlon Europe 2012

82

Dynamic Building and System Simulation for CHP Utilisation

83

Energy Concept for the new E.ON ERC Main Building

84

Positive Energy Building through better Control Decisions (PEBBLE)

85

Exergy Analysis of Office Buildings with Geothermal Systems

86

Field Study of Different Retrofit Solutions for Residential Buildings

87

Dynamic Simulations of Complex District Heating Systems

88

Investment Opportunities for Energy Efficient Buildings

89

EASE - Energetic Upgrading and Urban Development

90

Evaluation Tool and Retrofit Matrix for Office Buildings

91

Analysis of Domestic Heat Pump Systems

92

Hardware-in-the-Loop Test Bed for Home Energy Systems

93

Latent Heat Storages and Solar Collectors for Heating Systems

94

Paraffin Dispersions as a New Latent Heat Storage Medium for Buildings and District Heating
Systems

95

Hybrid Ventilation Systems for School Buildings

96

Table of Contents

Adaptive Control of Radiators in Residential Buildings

97

Decentralized Control Strategies for Building Technology

98

Optimization of Air Distribution Systems

99

Design of a new Experiment for Transient Room Airflow

100

Development of a 3D-PTV System for Velocity Measurements in Room Airflow Structure

101

Internal Airflow Studies in Active Chilled Beams

102

Thermal Comfort in Aircraft Cockpits

103

Air Flow Measurements in an Aircraft Cabin Mock-Up

104

Integrated Energy Management for Electric Vehicles

105

Dual Demand Side Management

106

Selected Publications

107

Chronicle

109

Table of Contents

71

organization chart
DIRECTOR EBC
Dirk Müller
CHIEF ENGINEER
Rita Streblow

Martin Schmidt

RESEARCH GROUPS

Laura-Marlen Stein
Sarah Stracks

INDOOR CLIMATE

Michael Adolph

Ana Constantin

Katrin Ansorge

Björn Flieger

SOFTWARE

Pia Auferkorte

Henning Freitag

Ines Adrian

Azadeh Badakhshani

Johannes Fütterer

Karam Amara

Davide Calì

Martin Hoffmann

Torsten Schäfer

Kan Chen

Max Huber

Thorsten Stocksmeier

Inga Eggers

Claudia Kandzia

Christoph Wirtz

Marcus Fuchs

Paul Mathis

Gregor Hillebrand

Jana Panašková

Kristian Huchtemann
Pooyan Jahangiri
Armin Knels
Nina Kopmann
Moritz Lauster
Corinna Leonhardt
Peter Matthes
Tanja Osterhage
Roozbeh Sangi
Sebastian Stinner
Jens Teichmann

Organization Chart

Doris Heinzel

ENERGY EFFICIENT BUILDINGS

Alexander Hoh

72

SECRETARIAT

WORKSHOP
Thomas Henn

Team

Team

73

Members of Staff

74

Univ. Prof. Dr.-Ing.
Dirk Müller

Dipl.-Phys.
Michael Adolph

Karam Amara,
B. Sc.

Dipl.-Ing.
Katrin Ansorge

Dipl.-Ing.
Pia Auferkorte

Davide Calì,
M. Sc.

Kan Chen,
M.Sc.

Dipl.-Wirt.-Ing.
Ana Constantin

Dipl.-Ing.
Björn Flieger

Dipl.-Ing.
Henning Freitag

Dipl.-Wirt.-Ing.
Johannes
Fütterer

Doris Heinzel

Thomas Henn

Gregor
Hillebrand,
M.Sc.

Dipl.-Ing.
Martin Hoffmann

Members of Staff

Dipl.-Ing.
Marcus Fuchs

Dipl.-Ing.
Nina Kopmann

Thorsten
Stocksmeier,
B.Sc.

Dipl.-Ing.
Max Huber

Dipl.-Ing.
Kristian
Huchtemann

Pooyan Jahangiri,
M.Eng.

Dipl.-Ing.
Claudia Kandzia

Dipl.-Ing.
Armin Knels

Dipl.-Ing.
Moritz Lauster

Dipl.-Ing.
Corinna Leonhardt

Dipl.-Ing.
Paul Mathis

Dipl.-Ing.
Peter Matthes

Dipl.-Ing.
Tanja Osterhage

Roosbeh Sangi,
M.Sc.

Torsten Schäfer,
B.Sc.

Dipl.-Ing.
Martin Schmidt

Laura-Marlen
Stein

Dipl.-Ing.
Sebastian Stinner

Dr.-Ing.
Rita Streblow

Sarah Stracks

Dipl.-Wirt.-Ing.
Jens Teichmann

Christoph Wirtz

Dipl.-Ing.
Jana Panašková

Members of Staff

75

Technical Equipment and Lab Space
The lab space of our institutes divides in 1000 m² in our experimental hall and 200 m² in our new main building. The
experimental hall offers a wide range of capabilities for experimental work in the areas of heating and air-conditioning
systems, generation and storage systems, energy concepts
for buildings and communities as well as room airflows. The
lab space in our new main building will be used by a comfort lab with the aspects of thermal comfort, air quality and
acoustics and a lab for variable test benches.

controlled water circuit. The test bench makes it possible to
reproduce charge/discharge cycles of the store under representative conditions. The current research is 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.

Hardware-in-the-Loop test bench for home energy
systems

Façade systems

The Hardware-in-the-Loop test bench provides a platform
to test real hardware and controller of home energy systems under complex, simulated boundary conditions, which
closes the gap between simulations or field studies with
dynamic boundary conditions and typical lab experiments
with static boundary conditions. The hardware components
will be integrated in a simulated environment which is
based on coupled building and systems engineering simulations with the Modelica libraries developed at the institute. A climate chamber and the hydraulic test bed emulate
the surrounding conditions for the hardware components.
In cooperation with the institute ACS the test-bed can be
further expanded by a simultaneously real-time simulation
of the electrical loads in the house and the corresponding
grid dynamics will be emulated by a grid emulator.

Test bench for heating and cooling systems
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 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.

Cabin climatisation
In the consideration of indoor environments the institute
includes from the very beginning beside buildings also airplane, car and train interiours. In an aircraft cabin mock-up
new ventilation strategies can be developed accompanied
by thermal comfort studies using measurement equipment
but also test persons. With the own automobile test vehicle component and system tests can be conducted. Drive
systems like E-mobility and hybrid cars demands research
work on efficient thermal management concepts.

Aachen model room
Storage systems
A test facility for heat storage devices provides the connection of up to four different storages to a temperature
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In the Aachen model room basic experiments on room airflow structures and thermal comfort can be conducted. The
room is equipped with very detailed temperature and velocity instrumentation. Furthermore the room offers with its

well defined boundary conditions a good basis for validation test cases for simulations.

Comfort lab
In the labs of the new main building a comfort lab consisting of an acoustic room combined with the needs of air
quality measurements will be built up. With the connection
to special ventilation ducting odour emission sources and
different filter technologies can be integrated and sensory
evaluations can be conducted.
In a modular comfort cube different indoor situations will
be represented. Single temperature-controlled wall elements and the implementation of different ventilations
strategies will enable the analysis of particular aspects relevant for the feeling of thermal comfort like temperature
stratifications and asymmetries.

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 high sensitive
pressure sensors
• Omni directional thermal anemometers with wireless
communication
• Three direction Laser-Doppler-Anemometer
• Particle-Image-Velocimetry (PIV) system
• Particle-Streak-Tracking (PST) system
• Thermographic camera
• Sound level analyser

Air Handling Units
• Reference sound source
Three air handling units supply the different test benches
with conditioned supply air. The units can be also 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 manufactured 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.

• Multigas sensors
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.

Solar panel test bench
On the roof of the experimental hall an outdoor test facility
for solar panels is installed with an area of around 100 m².
It offers the possibility to perform performance tests and
compare different products.

Technical Equipment
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Teaching
AIR CONDITIONING TECHNOLOGY
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.

BASIC OPERATIONS OF ENERGY TECHNOLOGY
The law of conversion of energy states that the total
amount of energy in an isolated system remains constant
over time. Energy can be of different forms but can neither
be created nor eliminated. The different energy forms can
be transferred into one another by conversion processes.
After an introduction into the basics of energy transformation, this lecture focuses on three main topics: combustion,
heat transfer and energy conversion machinery. The different appliances for energy conversion like boilers, heat
pumps, heat exchangers and machines (e.g. pumps and
compressors) are explained and calculated. References to
applications in building technology are made.

ENERGY ECONOMICS

Our institute offers this course in corporation with the institute for reactor safety and reactor technology.

ENERGY GRIDS
Beside the generation and the final consumption of energy,
the efficient distribution of energy represents a core component regarding the solution for the oncoming challenge
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 analysed.
The lecture will be held in cooperation with Dr. Jürgen Lenz
(E.ON Ruhrgas AG, DVGW).

RENEWABLE ENERGIES FOR BUILDINGS
Today, almost 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.

Rising energy prices and the required reduction of the CO2
emissions demand the efficient use of all available energy
carriers.
SERIES OF LABORATORIES ON ALTERNATIVE ENERGIES
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.

78 Education

The series of laboratories is a shared course given by the
institutes EBC, IKDG, LTT and WSA from the RWTH Aachen
University. By practical exercises the students will be introduced in problems of the alternative supply of energy.
During the laboratories the students can visit a wind conversion unit or they will analyse systems like for example

a torrefaction reactor or solar cooling. The EBC attends the
laboratories with a study of a heat pump system, the analysis of phase change materials and the examination of the
hybrid ventilation.

Development and construction of the supply unit for a test
bench to measure heating and cooling systems – Jens Teichmann, August 2011
Experimental investigation of cooling efficiency of rachbased cooling-systems for IT-equipment – Martin Hoffmann,
October 2011

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

SEMINAR ON ROOM AIRFLOWS AND INDOOR COMFORT

Solar heat pump systems in single family houses – Model
based analysis of field test data – Andreas Palzer, October
2011
Modeling and simulation of LowEx Building in object oriented programming language Modelica – Tim Comanns,
December 2011
Aerodynamic optimization of the flap in a volume flow controller – Martin Möhlenkamp, December 2011

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.

Bachelor Theses

Diploma Theses

Visualisation in an ideal indoor geometry fort he investigation of large scale flow structures – Christoph Bara, September 2011

Economic analysis of combined heat and power systems Jan Budke, February 2011

Model-based analysis and evaluation of ground-coupled
heat pumps for cooling and heating of nonresidential buildings – Daniel Czarnecki, April 2011

Experimental studies of the velocity and temperature field
in front of a radiator– Sebastian Morguet, October 2011

Development of a device to measure ventilation effectiveness – Max Liese, May 2011

Validation of a radiator model by means of experimental
data – Felix Schulz von Thun, October 2011

Development of a tool to assess economic efficiency of central and hybrid ventilationsystems for schools – Anh-Tuan
Pham, July 2011

Development and installation of a power test bench for the
purpose-made optimization of a heat exchanger – Thorsten
Driemeier, November 2011

Modeling and simulation of heat pump cycles – Juliana
Trockel, July 2011

Investigation of phase change materials for use in buildings: technical and economic assessment of the market
supply – Felix Thul, November 2011

Energy balance of the E. ON ERC main building – Aitor
Chivite, August 2011

Education
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Study Theses
Experimental investigation of the influence of geometrical
parameters on the internal airflow in active chilled beams –
Patrick Eschrich, May 2011
Reflexion at different models for determining the turbulent
dissipation – Anne Orr, July 2011
Survey of simplified zoning methods for the energetic evaluation of buildings applied to the institute of sport sciences
in Mainz - Stefan Schlosser, July 2011
Development of evaluation methods for the building operation: automated data cleaning and operation time visualisation – Michel Allekotte, August 2011

Analysis of the building services system of the SuperCGeorg Schneider, Christian Schäfer, Andreas Rothe, March
2011
Development of a concept and construction of a testbench-module to optimize a hydraulic network for heating
purposes – Marcel Rau, Ole Odendahl, May 2011
Programming of data acquisition tool and measurement of
speed dependence of volume flows at interior inlets of an
automobile – Jonas Schnabel, Gero Syree, Christian Schwager, June 2011
Exergy analysis of electricity production – Marian Albers,
Thorsten Althaus, November 2011

Development of a zonal-model based on the programming
language Modelica – Jens Falker, August 2011

Construction of a dynamometer and tests with helium-air
mixtures to produce dense neutral soap bubbles – Matthias
Greinert, Jens Peters, November 2011

Development of evaluation methods for the building
operation: automated analysis of the thermal comfort –
Joern-Mathis Schiffers, August 2011

Planning and construction of a solar thermal test facility for
the use of PCM dispersion – Konstantin Finkbeiner, Dawid
Nickel, Ivan Litau, November 2011

Development of a parametrical 3D-CAD-Manikin – David
Braun, September 2011

Simulation of an office building - Developing a simple building model in Modelica – Stefan Kemples, Jan Schummers,
Christopher Zimmerman, November 2011

Developement of a software for the evaluation of huge
amounts of data – Valentin Herzing, September 2011
Experimental study about the determination of the air velocity in relation to the used measurement system – Alexander Inderfurth, September 2011
Evaluation of calculated seasonal performance factors by
means of field test data – Michel Allekotte, December 2011

Project Theses
Design and construction of a test bench for studying heating technical components in combination with paraffin-water emulsions – Daniela Getz-van Bentum, Christoph Bara,
Sebastian Vinkenflügel, Januar 2011
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Experimental analysis of a prototype solar panel – Frederik
Böhm, Christoph Niesen, Stefan Stemmler, December 2011
Development and implementation of a concept for a stratified brine storage for the application in a sorption-supported air conditioning system – Marie Hoes, Christoph Gunter,
December 2011

Software Development at the EBC
As a research institute, the EBC has a constant demand of
specifically adapted or newly designed software for data
processing or test bench controlling. Programming these applications falls mainly within the domain of the MaTAs, who
not only provide support to the academic staff within the
research projects but who also form the link to the extensive
data processing infrastructure.
In general Mathematical-Technical Assistants (MaTAs) 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 research associates and the students concerning software-related tasks
and hardware implementations.

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.
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 and web services are paramount.
The increasing integration of data, control and feedback
thereby offers much potential for future project applications, in particular by linking via local and global networks
as well as by the growing use of mobile devices and distributed sensors.

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

Starting this year, the MaTAs will be supported by a trainee
who, after an initial learning cycle, is supposed to be soon
involved in the productive work at the institute.

Fig. 1: Application for processing measuring data

Fig. 2: Measurement of data
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Solar Decathlon Europe 2012
A team of RWTH Aachen University students participates in
the collegiate competition “Solar Decathlon Europe 2012”.
In this contest, twenty teams design, build and operate an
energy-efficient residential house, powered entirely by solar
energy, to be assessed in a total of ten sub-contests – hence
the name Solar Decathlon.
Conceived in the United States, the first Solar Decathlon
was held in Washington D.C. in 2002. Since 2010, the European version, the Solar Decathlon Europe, has been organized in Madrid. In both biennial competitions, the houses
have to combine innovative energy and building technology
with a high level of living comfort and consumer appeal.
During competition week, each team presents a complete
prototype to the public, and all houses are evaluated under
equal boundary conditions. Besides showcasing the technical requirements for building a self-sufficient house, the
competition focuses on improving students’ awareness of
designs that blend energy efficiency and creativity, as well
as on informing the public about solar and renewable energies.
RWTH Aachen University’s competition entry is mainly prepared by students, supported by a variety of faculties in an
effort to make the most of the university´s wide-ranging resources and expertise. The basic idea of the team’s design

Fig. 1: Perspective of the actual draft (Source: Team
RWTH Aachen)

is to consider the lifecycle of the building itself and its materials. What matters with respect to sustainability, after all,
is not only that the energy needed to utilize the house be
renewable but also that the house may be removed afterwards. The design, therefore, will place special emphasis on
using separable materials and including existing materials
in the house.
A main part of the contest is energy and building technology, as many sub-contests assess the level of innovation,
energy efficiency and balance. The team’s current approach
regarding energy and building technology includes passive
components, such as latent thermal storage, as well as active elements like sorption-supported air conditioning to
handle the climatic differences between Aachen and Madrid, the two relevant locations. The core of the draft is an
unsupported “climate-roof”, which is the aligning element
in the overall design. It combines the design-determining
element with a static challenge and an energetic task for
shading the façade, producing energy, and providing ventilation and evaporation cooling.
Grateful acknowledgement is made to BMWi (Federal Ministry of Economics and Technology) for providing financial
support, promotional reference 0327429F.

Fig. 2: Energy Concept (Source: Team RWTH Aachen)
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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 building 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.

The numerical models of buildings and systems engineering are validated with measurement data from the primary
energy house of the Gaswärme-Institut. In this project, different systems for heat and power production are installed.
These data can be used to compare with the results of the
dynamic simulations.

The technology of (micro-)combined heat and power (CHP)
can be used to balance the variability of generation in future power networks. In this way, the house can play an active role in the safekeeping of supply with electricity. The
generated heat can be stored easily and cheaply. So, the use
of thermal and electrical power can be temporal decoupled.

The systems engineering is used for different house types
and different kinds of users. Hence, for different base cases
the optimal systems engineering can be identified.

To include the dynamics of the considered systems, coupled
dynamic building and systems engineering simulations in
the programming language Modelica are operated. With
this tool, systems engineering can be designed and optimized for the use in future smart grids. Besides the energetic view, also economic aspects are considered.

This research is performed in close collaboration with Gaswärme-Institut e.V. Essen and the Institute of Thermo-Fluid
Dynamics, TU HH.
Grateful acknowledgement is made to German Technical
and Scientific Association for Gas and Water (DVGW) for
providing financial support.

Fig.: Schematic representation of energy fluxes in a CHP-heated
building
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Energy Concept for the new E.ON ERC main building
The new E.ON ERC main building has an innovative and
seminal energy concept. The project’s goals are to evaluate
this concept by computing local and global energy data for
the building and by estimating the building’s energy performance.
Climate protection and the finite nature of fossil fuels supply 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.
At the core of the energy concept of the new E.ON ERC main
building lies a highly efficient, turbo compressor driven heat
pump process that uses as heat sources geothermal energy
and heat from server and LAN rooms via heat displacement.
The geothermal field has 40 boreholes, each 100 m deep.
Heat and cold base loads are distributed by concrete core
activation. Offices will be equipped with façade ventilation
units, covering peak loads with the supply of cold air during
summer and hot air during winter.

The building is equipped with an extensive system for measuring energy fluxes and thermal conditions (monitoring
system). The monitoring data is published and promoted
inside the building and via a web service. Furthermore visualization of the monitoring data is possible via iPhone.
Thus an increase of the users influence for energy efficiency
could be achieved.
Control strategies will be first tested with the help of a thermal simulation model. The model couples a building model
with models for the technical equipment, users and weather. The simulation is continuously improved with the help
of the gathered monitoring data. So far the control strategy for the façade ventilation units has been improved by
connecting the simulation model with the actual hardware
where the control algorithm is implemented, allowing for
flexibility in the optimization of the control and the possibility of testing quickly very different scenarios.
At the end of the project a complete energetical and exergetical assessment and evaluation will have been completed. The results will be disseminated and will serve to
the diffusion of modern building energy concepts.
Grateful acknowledgement is made to E.ON gGmbH for providing financial support.

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

Fig. 2: Control of room temperature (l) and
monitoring data (r)
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Positive Energy Buildings through Better controL
dEcisions (PEBBLE)
PEBBLE sets the maximization of the net energy produced
(NEP) by buildings through intelligently matching their
energy consumption to energy generation as its goal. 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 challenge 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. Seven partners from Greece, Germany, Austria, Switzerland and France are involved in the project, including the
RWTH Aachen University. The new building of the E.ON Energy Research Center (ERC) will be used as a demonstration
building in the project, being the most complex of all three
demonstration buildings.
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: Building optimization and control

The validation and improvement of the thermal simulation
model will be done through comparison with actual measured data. In the absence of measured data while waiting for the building to be completed, a first validation of
the models was done using the ASHRAE 140 standard. The
development of the BO&C algorithm is done by connecting
the thermal simulation model with a control module. 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. Weather
data will be provided by the weather station installed on
the near by experimental hall.
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 to the European Union,
through the Seventh Framework Programme for providing
financial support.

Fig. 2: Simulation model for an office space
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Exergy Analysis of Office Buildings with Geothermal
Systems
Since 1970s, different governmental regulations are in place
to promote the reduction of building energy demand. This
project considers the exergy performance of the buildings.
The exergy analysis is applied to a “lowEx” low exergy office
building.

Within the scope of this project, the developed Modelica libraries in our institute will be released as open-source data.
These libraries will provide a consistent modeling tool for
the thermo-hydraulic behavior of the building and HVAC
systems.

This project accompanies the LowEx:Monitor project arranged by Fraunhofer Institute of Solar Energy and other industrial and scientific partners. The LowEx:Monitor focuses
on the exergy behaviour and exergy monitoring of buildings
using geothermal energy.

Grateful acknowledgement is made to BMWi (German Federal Ministry of Economics and Technology) for providing financial support, promotional reference 0327466A.

In this project an office building (located in Stuttgart) is
simulated in the object oriented programming language
Modelica. This building has a geothermal heat pump
coupled to a borehole field with eleven borehole heat
exchangers. Additionally the building uses the waste heat
produced in the server room. The heat delivery is done via
thermo-active building systems. These are capillary pipes
embedded in the concrete construction of the walls and
ceilings. The building has also a ventilation system.
The building simulation includes the ventilation and transmission heat losses via walls and windows depending on
heat conduction, heat capacity and heat convection of the
construction, solar and internal gains, and dynamic weather
data. The simulation of the heat distribution system considers the pressure drops in the pipes, heat losses via pipe
walls and hydraulic behavior and the electricity consumption of the circulation pumps. The borehole field model simulates the thermal interaction between the ground and the
borehole heat exchangers.
For model validation the monitor data of the office building
will be used. The obtained simulation results will be then
incorporated in developing a dynamic exergy analysis of the
system. The exergy loss processes in heat generation, distribution and delivery will be studied and exergy characteristic figures will be used to express the exergy performance
of the building.

Fig.: Screenshot of the model in Modelica/Dymola
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Field study of different retrofit solutions for
residential buildings
A large number of buildings constructed in the second half of
the twentieth century consume a big amount of energy. 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
Sciences Karlsruhe, a field test on energy modernization with
different combinations of innovative solutions in the area of
building’s physics and technical installations, including a
control system has been planned and realized, accompanied
by extensive monitoring and simulations.

The better the building envelope is insulated, the more it 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 are published in
a heat bridge atlas.

Each building has a different retrofit scenario in terms of
insulation, heat production and delivery, domestic hot water production and air-handling systems. In this case six different retrofit solutions are realized and compared to the
standard retrofit model of the Volkswohnung. Each retrofit
solution is realized for ten apartments, an adequate number to evaluate the user-behavior.

The preliminary analysis with Energy Saving Ordinance
[EnEV] has shown a potential for reducing the energy consumption up to 85%. However, first analyses of the monitoring data show that the heat consumption of the buildings
is above the heat demand calculated following the EnEV
procedure. As such the simulation models can be employed
as a tool to elaborate new control strategies for the buildings’ system engineering in order to maximise user comfort
and energy efficiency. The models can further be used in
conceptualising and testing of new virtual refurbishment
versions.

For the evaluation of the efficiency 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.

A special thanks to Dr. Reinhard Jank (Volkswohnung Karlsruhe) for the generous support of the project and to Prof.
Klaus Wolfrum (Technical University Karlsruhe) for the realization of the high time resolution monitoring process.
Grateful acknowledgement is made to BMWi (German Federal Ministry of Economics and Technology) for providing financial support, promotional reference 0327400G.

Fig.: Comparison between heat consumption and heat demand
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Dynamic simulations of complex district heating
systems
It is the aim within this project to simulate district heating
and cooling systems dynamically, whereby a deep understanding of the networks is achieved. Therefore, new models
are developed and two systems are measured for validation
and testing.
District heating systems become more and more an important part in the discussion about energy savings and they
have great potentials for savings and energy efficiency. To
exactly identify these potentials, it is necessary to have a
good knowledge about the whole system. With this knowledge it is possible to study the impact of modifications for
all components, to optimize the network and to get all improvements into a reasonable order.
An excellent method to gain the knowledge about a specific
system is to simulate the network with all its components,
i.e. buildings, pumps and plants dynamically.
The simulation of complex systems with various components (i.e. district heating networks) leads to high require-

Fig. 1: Simple model of a building with weather etc
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ments in the modeling process (see figure 1 and 2). The
models have to be flexible, numerical stable, adequate
precise and need to have easily terminable parameters and
short computing times.
Such models are developed, respectively derived from a
model library within the project “energy efficient campus”
in the programming language Modelica.
Currently, a model for non-residential buildings has been
implemented in Modelica, which is highly automated and
needs only a few parameters. First tests show an around 80
percent improvement of the computing time and nearly as
accurate results as comparable models.
In a next step, two specific district heating and cooling networks will be simulated. Therefore, all necessary parameters
and data will be measured to validate the models. Subsequently the networks can be energetically optimized.
We would like to thank our project partners of the Forschungszentrum Jülich for the very productive cooperation.
Grateful acknowledgement is made to BMWi (German Federal Ministry of Economics and Technology) for providing financial support, promotional reference 03ET1004A.

Fig. 2: Overview Campus Melaten with district heating
(Source: City of Aachen)
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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. Today
the investigations go primary into insulation and high quality windows. A comparison with a shifting of the investment
into systems engineering is very seldom. In this study, different technical and constructional building improvements
are 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.

Within the scope of the project software tools for the
energetic and economic optimization of heating systems
as well as refurbishment measures are developed. Special
attention is paid to permit a simple handling of the tools
and to ask for a small number of necessary parameters
from the user. The developed tools enable the customer to
identify the optimal heating system and to compare different retrofit strategies.
The simulation tool is available as an internet application
which enables the end customer with the choice of a building type and possible system engineering installations to
make a pre-selection on his supply system. With a prototype
of an iPad application the local distributor or the energy
consultant is enabled to make a first on-site analysis.
Grateful acknowledgement is made to E.ON Ruhrgas AG for
providing financial support.

Fig.: Screenshot of the web-based concept adviser
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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.
In the context of the project typical patterns of energetic
reorganization measures are analyzed at local apartment
markets in urban areas in Germany. The aim of this project
is to provide recommendations regarding the future design
of policies to promote energy renovations.
A research consortium consisting of the Institute for Economic Research Halle (IWH, project coordination), the E.ON
Energy Research Center, RWTH Aachen (E.ON ERC EBC) and
the Institute of Ecological and Regional Development (IÖR),
Dresden works on EASE, in the period April 2010 to March
2013.

public support. Here, the focus is on structural and technical measures to reduce energy consumption of residential
buildings.
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.
Initial calculations on the costs of these measures were carried out by E.ON ERC EBC. These are the basis for an optimization tool for the best possible combination of the different options for energy enhancement.
Grateful acknowledgement is made to Leibniz Scientific
Community for providing financial support.

The project should examine the links between local housing markets, urban space, infrastructural development and
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Fig.: Primary energy standard one-family-houses
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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 program
will provide an overview which retrofit solutions for the building are technically possible and energetically and ecologically worthwhile.
In the following years huge efforts must be made to fulfill
the postulated CO2 and energy savings made by the German government. Even though there is still considerable
energy saving potential in the building stock. Unfortunately
these potentials weren’t sufficiently used in the past.

tial energy and CO2 savings, cost estimates and additional
information including special user demands and internal
building ratings.
Both tools will provide guidance for building stock owners
to find the best option for a budget limited retrofit process.
Grateful acknowledgement is made to E.ON gGmbH for providing financial support.

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 an 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 energy saving potentials.
The second phase of the project includes a detailed analysis
of different retrofit options for the buildings envelope and
its supply system. Most common retrofit measures will be
derived to indicate possible pathways enhancing buildings
energy efficiency. The matrix includes all measures, poten-

Fig.: Scheme of the mobile acquisition, storage and
process of data
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Analysis of Domestic Heat Pump Systems
The analysis of a heat pump field test and accompanying
simulations show how heat pumps can help save primary
energy compared to standard heating systems.
The E.ON Energie AG field test, operated through the
Fraunhofer Institute for Solar Energy Systems, evaluates
heat pumps in existing buildings. The field test data are
available for further analysis.
The field test data illustrate the current state of heat pump
system operation. The data indicate the conditions under
which heat pumps operate in practice and serve 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 to
the behaviour of the real component.
The simulation of complete systems, including the heat
source, the heat pump, storages and the building (see Figure 1), allows for arriving at a broad understanding of the
performance of heating systems that contain heat pumps.
Specific parameters can be varied under the same boundary conditions. Annual simulations consider various heat
sources, storage sizes and building insulation standards.

Simulations and the field test showed that in buildings
with low insulation standards, heat pumps often have low
efficiencies, especially those using air as their heat source.
Therefore, optimized heat pump systems are investigated
numerically. In this context, the evaluation of hybrid systems combining gas boilers and heat pumps has to be mentioned. Hybrid systems achieve savings in primary energy
demand compared with standard boiler systems, both in
buildings with low and high insulation standards.
Besides showing how heat pumps work in existing buildings, the field test gives boundary conditions that can be
used for the development of new heat pumps, such as
power controlled devices. Figure 2, for example, shows for
one field test object how much heat has to be provided to
the heating system depending on the ambient temperature
and on which flow temperature is needed. New concepts
can be studied in the simulation environment under realistic boundary conditions, and finally in the Institute’s Hardware in the Loop environment.
Grateful acknowledgement is made to E.ON gGmbH for providing financial support.

Fig. 1: Sample scheme of an air-to-water heat pump
system

Fig. 2: Heat demand depending on the operation conditions (ambient air and flow
temperature) for a sample field test object.

CONTACT
Dipl.-Ing. Kristian Huchtemann

92

Research: Project Descriptions

T +49 (0)241 80 49778
F +49 (0)241 80 49769
khuchtemann@eonerc.rwth-aachen.de

Hardware-in-the-Loop test bed for home energy
systems
Homes, as the future melting pot of different forms of energy, are one of the key enablers for the smart grid technology. The test bed, based on Power-Hardware-in-the-Loop
(HiL) technology, allows for testing renewable home energy
systems which comprises thermal, hydraulic and electric interfaces enabling a variety of testing scenarios.
The HiL test bed provides a platform to test real hardware
and controller under complex, simulated boundary conditions, which closes the gap between simulations or field
studies with dynamic boundary conditions and typical lab
experiments with static boundary conditions. A structural
overview of the Power-HiL test platform for home energy
systems is shown in Figure 1. In the HiL platform an energy
control unit with smart meter can be tested in connection
with an electrical heat pump, simulated load profile and
photovoltaic components. The dynamic behavior of thermohydraulic systems of one family houses, which was modeled
in “Modelica” language, can be coupled with the hydraulic
test bed to realize the dynamic heat load. The heat pump
works in a controlled ambient of simulated outdoor conditions, which are realized by a climate chamber. Simultaneously the real-time electrical loads in house will be simulated and the corresponding grid dynamics will be emulated
by a grid emulator.

The two PC-clusters for HiL test platform are equiped with
different operation systems: Windows and Linux. The Windows-cluster with Labview and Dymola is in charge of the
tasks such as measurement & control of the test bench
and simulation of thermo hydraulic models, which have a
lower sampling frequency; the electrical simulations, which
require one millisecond sampling time, will run on a hard
real-time capable Linux-cluster. The measurement and simulation data will be exchanged via Ethernet bus between
PC-clusters.
Figure 2 shows the experimental results of a whole day
test run (24 hours) with an air-to-water heat pump and a
one-family-house model. The weather reference data is
retrieved from a typical winter day according to german
weather services. The temperature in the climate chamber
can be precisely controlled on a reference temperature profile. The inlet temperature of the heat pump is simulated by
Dymola and emulated by the test bed with high accuracy.
The heat production of heat pump as well as the simulated
room temperature profiles can also be extracted from the
test results. Through the HiL-test a real-time evaluation of
energy efficient control on demand for home energy systems can be made.
Grateful acknowledgement is made to E.ON gGmbH for providing financial support.

Fig. 1: Scheme of Power-HiL test platform

Fig. 2: HiL-Results with real-time simulation
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Latent heat storages and solar collectors for
heating systems
The goal of this research project is to enhance the performance of a heat pump process and a solar heating system
by means of a new latent heat storage system. Based on
measurements to check heat storage performance and
dynamic computer simulations, the overall system performance is evaluated for standard residential buildings.
The project can be divided into two main parts. The first
one is the operational-test measurements phase. Here, a
controlled water circuit test bench was set up. The water
temperature was changed at given time intervals from a
temperature above and below the material melting point.
The test bench measures the water mass flow, as well as
inflow and outflow temperature, using high precision measurements equipment. The measured data can be used
for validating a latent heat storage model. The results are
shown in the Figure.
The second part of this project is the modeling phase. First,
the thermal solar collector and the latent heat storage
model were developed. Next, the latent heat storage model

was validated using the measured data. The last phase involved overall system simulation.
To this end, a reference system, consisting of a heat pump,
a water storage device, and a thermally insulated building,
and a system, featuring a latent heat storage device in lieu
of the normal water storage and solar thermal collectors
were analyzed. A comparison of these two systems shows
that it is possible to reduce the primary energy demand by
nearly 30 %.
Regarding thermal comfort the reference system with insulation can be shown to produce a room temperature consistently above 20 °C, whereas in. The system featuring a latent
heat storage device and solar thermal collectors, room temperature sometimes dropped to between 19 °C and 20 °C.
This research is performed in close collaboration with TROX
GmbH. Grateful acknowledgement is made to E.ON gGmbH
for providing financial support.

Fig.: Measured data of the paraffin storage device used as input
for the simulation model and simulation results
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Paraffin Dispersions 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 a dispersion 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 sources 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.
Water-paraffin dispersions will be studied as a cooling or
heating medium and as a substitute for large-scale water
storage systems. Replacing water, the applied dispersions
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 dispersion

stays pumpable even with solid particles of paraffin because of the favorable particle-size distribution of the small
paraffin droplets as shown in the Figure.
During this three-year project, we are investigating the use
of water-paraffin dispersions for heat and cooling systems
by using experimental and numerical methods. Further applications of using the water-paraffin dispersion in surface
heating devices such as capillary tube mats and floor heating will be studied. In order to investigate the overall gain of
a thermo-hydraulic system with the use of the water-paraffin dispersion, the dispersion is modeled numerically in the
object oriented language Modelica. This model, beside other available hydraulic and thermal components, will then be
used for simulation and analysis of the complete systems.
We are hereby closely collaborating with the Fraunhofer
Institute for Environmental Safety and Energy Technology
UMSICHT in Oberhausen, Germany.
Grateful acknowledgement is made to BMWi (German Federal Ministry of Economics and Technology) for providing financial support, promotional reference 032747B.

Fig.: Water-paraffin dispersion for latent heat storage
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Hybrid Ventilation Systems for School Buildings
Thermal comfort and indoor air quality affect health and
performance of persons. To improve these conditions in
schools a hybrid ventilation system has been developed. It
combines an automated natural and mechanical ventilation
strategy designed as a retrofit solution for school buildings.
During a field test in a Berlin school measurement data of
the hybrid system’s performance could be gathered and
compared with the performance of a standard ventilation
system. Using CO2 concentration in room air as marker for
air quality the assessment of both rooms shows a superior performance of the hybrid ventilation system. Figure 1
shows the relative frequency of the occurrence of mean CO2
concentrations during school lessons in the time from 2010
to 2011. The three curves show the distributions for summer, transitional season and winter. Air quality decreases
towards winter time since the use of window ventilation
gets limited then.
The vertical lines at 1000 ppm and 1400 ppm designate two
quality levels described in DIN EN 13779, moderate and low
air quality. For the hybrid ventilation system one can see
that the threshold for low air quality will only be exceeded in some cases. The standard ventilation system is only

Fig. 1: Histograms of mean CO2 concentrations measured in
a room with standard and in a room with hybrid ventilation

able to provide comparable air quality during summer time
when extensive window ventilation is possible.
One has to examine the air flow pattern in the room to
improve the ventilation performance. Shortcuts and dead
air zones should be eliminated. For this purpose an apparatus to measure ventilation effectiveness has been developed. Figure 2 shows an outdoor test chamber containing
the hybrid ventilation façade and the mobile apparatus.
The mechanical ventilation unit can be seen beneath the
window, the tripods hold the CO2 sensors and the black
cylinders are heat sources simulating persons in the room.
It could be shown that short cut effects can occur in- and
outside of the room. The ventilation effectiveness reaches
45 %. By increasing the impulse of the supply air this number can be improved to 55 %. Therefore, a well formed air
flow pattern in the room is necessary to allow for an optimal ventilation performance. Displacement ventilation
should be applied as often as possible.
This research is performed in close collaboration with Wildeboer Bauteile GmbH. Grateful acknowledgement is made
to BMWi (German Federal Ministry of Economics and Technology) for providing financial support, promotional reference 0327387D.

Fig. 2: Hybrid ventilation outdoor test facility with apparatus to measure ventilation effectiveness
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Adaptive Control of Radiators in Residential
Buildings
An adaptive control system for room-heating systems is
used to decrease the heat demand while increasing or at
least maintain the thermal comfort of the user. The usage
of the adaptive control does not need any setup by the user
but will systematically learn the temperature set points for
each room. The control strategies will be first tested in simulations, followed by lab experiments and a field test.
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.
Furthermore the thermal comfort can be improved, if the
user is on site. The user can give feedback and match the
heat emission to the desired temperature level within a
simple interface. For first results the control strategy is implemented in Python and combined with a thermo-hydraulic building simulation conducted in Modelica. The thermal
comfort of the user is measured by means of the “Predicted
Mean Vote” (PMV). First results show a decrease in energy
demand by approximately 5 %. Furthermore the energy
demand is reduced while the user is absent and increased
while the user is present. This coincides with a better utilization of energy (see Figure 1).

reduction in size, the room enclosing wall area around the
radiator are downsized. The relevant boundary conditions
for the power output (i.e. air- and wall-temperature) will be
simulated, using the simulation software Modelica. Measured data like the radiator’s heat emission will be used as
boundary conditions for the thermo-hydraulic simulation.
First only a single model room will be set up to test the
principle of the HiL test bench (see Figure 2). 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. Within this test bench the different control strategies
can be tested.
A final review of the developed concepts will be made in a
field test in a residential building in Aachen. Approximately 8
apartments will be equipped with radio-based thermostatic
valves, which will be controlled by the adaptive control algorithm. Additional room parameters like temperature and
CO2-concentration will be recorded. This field test will be
conducted in close cooperation with ista International.
Grateful acknowledgement is made to BMWi (German Federal Ministry of Economics and Technology) for providing financial support, promotional reference 0327387D.

For further tests, a “Hardware-in-the-Loop” (HiL) test bench
will be set up, which is able to resemble a real hydraulic
network with reduced space requirements. To achieve the

Fig. 1: Comparison of the energy demand in the reference
and adaptive setup

Fig. 2: “Hardware-in-the-Loop” test bench; (1)
radiator, (2) capillary tubes, (3) air inlet, (4) air outlet
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Decentralized control strategies for building
technology
Optimizing control strategies for building technology provides strong opportunities for reducing energy demand and
enhancing user comfort in an economic way. The EBC is doing research on decentralized control strategies in order to
optimize their efficiency and usability.
Providing and using cooling/heating energy and fresh air
in efficient ways has become a growing concern in the
planning, construction and operation of buildings. Complex
technical systems are being built to provide maximum user
comfort at minimum costs.
Designing intelligent control strategies for those systems
can help increase their efficiency at only small additional
technical and economic costs.
The concept of decentralized control strategies is to apply
simple but efficient controllers. Every section of a building
(rooms, floors, etc.) is equipped with a modular controller. A
higher-level system controller is responsible for supplying
and coordinating demands (air, water, heating and cooling
power).
Decentralized control systems can be used in various ways.
The EBC is currently developing a control strategy for façade ventilation modules. This strategy ensures that each

Fig. 1: Façade ventilation module of E.ON
ERC main building

module operates independently in a most efficient way. In
addition, the demand and setpoint values are forwarded to
the higher-level control system. Thus the necessary heating
and cooling power can be provided just in time, thereby optimizing the efficiency of the energy supply for the whole
building.
Central building supply systems, too, can be controlled by
decentralized control strategies. One field of EBC research
is devoted to those kinds of control strategies, which involve sending information about current demand in various
sections of a building to the central ventilation system. A
higher-level system controller is then responsible for providing the needed energy in an efficient way.
In this context, tests are being conducted to use air ventilation ducts for a wireless data transmission channel.
The EBC is developing and optimizing control strategies for
decentralized systems. Beyond that, comprehensive tests
are done by using real building sites as well as building
simulation software.
Grateful acknowledgement is made to TROX GmbH for providing financial support and to Belimo AG for providing technical support.

Fig. 2: Wireless data transmission via air
ventilation

CONTACT
Dipl.-Ing. Max Huber

98

Research: Project Descriptions

T +49 (0)241 80 49796
F +49 (0)241 80 49769
mhuber@eonerc.rwth-aachen.de

Optimization of Air Distribution Systems
Like in other areas of energy technology, the reduction of
energy consumption and an economical operation become
increasingly important also for HVAC applications. Thus, research projects in order to optimize HVAC components like
volume flow controllers, swirl diffusers, sound absorbers and
filter units are performed.
The conditioned air is conducted through ducts and various devices, before it is delivered to the occupational zone.
In order to reduce the energy consumption for distributing
the air which has to be supplied by the fan, the pressure
losses in the ducting and the devices have to be minimized.
Moreover, reduction of the noise level is always desirable, as
it helps increasing comfort. Due to modern production techniques, the shape of the components can be optimized into
the direction of complex and thus more effective geometries. Moreover, new control methods and strategies are
investigated to allow more economical operation of HVAC
components, making the whole system more efficient.
The optimization is performed with simulation methods as
well as measurements. New ideas are first implemented in
the simulation environment before testing the prototypes,
reducing the costs and research time. Computational fluid

dynamics (CFD) has become an established method to analyze the flow in air distribution systems. Modern CFD tools
are used to perform parametrical studies and goal driven
optimizations. After setting up a parametrically defined geometry, a suitable computational mesh and realistic boundary conditions, critical parameters are identified and reasonable parameter ranges are specified. Several parameter
combinations are simulated and with the help of the generated response surface, parameter combinations indicating
the desired optimum are proposed.
Examples for this optimization process are devices like filter units, where several filter stacks are placed alongside
and a uniform flow rate through each stack is desired. With
the help of parametric CFD optimization and experimental
verification the flow rates are equalized. The Figure shows a
CFD plot of the velocity in the filter unit before the optimization process.
Grateful acknowledgement is made to TROX GmbH for providing financial support.

Fig.: Velocity distribution in a filter unit with 5 filter stacks placed alongside (CFD results)
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Design of a New Experiment for Transient Room
Airflow
Thermal comfort and the ventilation effectiveness are important targets for the construction of modern building supply systems. Both measures depend mainly on airflow structures. The transient behaviors of these structures have been
investigated only marginally until today. A new test facility
for room airflow has been built up to investigate the development of airflow structures.

The temperature and the volume flow rate of each supply
air jet are detected separately. The velocity field in the room
will be measured with omnidirectional anemometers in a
rectangular grid. The temperature field inside the room will
be measured by platinum resistance thermometers. Twelve
velocity sensors and twelve temperature sensors are positioned automatically in the testing room with a traverse.

The test facility (“Aachener Modelchamber”) is 5 m long, 4
m wide and 3 m high and is an idealized case of a typical ventilation situation in an aircraft or train cabin or in a
meeting room. Directly under the ceiling slot diffusers are
installed over the whole length of the room on both sides to
ventilate the test facility. As inlets tailor-made slot diffusers
are used in order to provide well defined plane wall jets. The
outlet air leaves the room at the bottom zone. The outflow
devices are also equipped with volume flow controllers ensuring a uniform outflow.The thermal loads inside the test
chamber can be varied between 0 W and 6000 W. Due to its
construction the test facility can provide the basic airflow
phenomena of 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.

To get detailed information about the room air structure
it is necessary to measure and visualize wide areas and
large enclosures. Complex flow structures in rooms can
be visualized by using density neutral soap bubbles. Optical measurement processes will be used for the structural
identification of the flow. Special windows are integrated
in the walls of the test facility to guarantee the optical access from outside. First visualizations of the flow are made
at non isothermal boundary conditions. The inlet velocity
is 2 m/s and the internal loads are 2000 W. The supply air
jets are bound to the ceiling until both jets merge to one
transient jet structure yielding downwards to the occupied
space. Large and stable vortices occur on the left and the
right side of the test facility.
Grateful acknowledgement is made to DFG (German Research Foundation) for providing financial support, promotional reference AOBJ 579043.

Fig. 1: Test facility

Fig. 2: Visualisation of the room airflow structure
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Development of a 3D-PTV system for velocity
measurements in room airflow structure
The three-dimensional particle tracking velocimetry (3D PTV)
is a measurement system with temporal and spatial resolution. It gives information about the magnitude and direction
of velocity in the observation volume available. This allows
a detailed experimental study of complex spatial flow phenomena.

From the orientation of the cameras and the resultant geometric contexts, the particle positions in object space (x, y, z)
can be determined. The particles and their positions can be
tracked in this way over several recorded frames (sequences). The velocity is determined from the displacement and
the elapsed time between two frames.

The 3D-PTV is one of the velocity measurement systems
that is able to determine all three velocity components in
combination with the observation of large volumes with a
high spatial resolution.

In collaboration with the Technical University of Ilmenau an
improved 3D-PTV system will be developed.

A typical 3D-PTV system consists of up to four cameras, a
powerful light source, density neutral tracer particles for
flow visualization and a controller that synchronizes image
capture and exposure. For the subsequent analysis of image data, an accurate calibration of the setup is essential.
For this purpose, a calibration-body, it’s shape and spatial
position must be known, is positioned in the measuring
zone and recorded with the cameras. By manual selection
of points on the calibration-body a rough guide is created,
that is furthermore used by a software algorithm for an automatic calibration. This process leads to a set of calibration
data, which contains information of camera orientation.
In the recordings from the measurements the particles that
were added to the room air as tracer particle, have to be reidentified in each image.

This project aims to improve the spatial resolution of 3DPTV by using modern camera technology and increasing the
rate of particles seeded to the flow.
Of particular interest here is the study of flow structures
in mixed convection, a superposition of natural and forced
convection, which is a typical case for rooms and passenger
cabins.
Therefore an application of the improved 3D-PTV system at
the test facility here at E.ON EBC (“Aachener ModelroomAMOR”) is planned in early 2012.
Grateful acknowledgement is made to DFG (German Research Foundation) for providing financial support, promotional reference AOBJ 579046.

Fig.: Application of the improved 3D-PTV, with virtual particles and
an instance trajectory at AMOR created in SolidWorks®
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Internal Airflow Studies in Active Chilled Beams
In HVAC components like active chilled beams, for example,
an optimized internal airflow can improve performance, efficiency and acoustic properties. Instead of using expensive
and time-consuming experimental setups only, computational fluid dynamics (CFD) tools become increasingly popular in
the development process.
Computational fluid dynamics methods are powerful tools
delivering information about internal flow properties that
would be hardly detectable by experimental methods without disturbing the flow. However, to verify simulation data
and to validate the simulation models, every simulation is
dependent on accurate measurement results. For the investigation of the internal airflow in active chilled beams,
two experimental setups have been built which allow laseroptical measurements.
Active chilled beams are decentralized devices which 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.

Fig. 1: Jet configuration inside a generic beam
geometry

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.
An important operational parameter is the induction ratio
which describes the effectiveness of the primary air to induced room air. As a global optimization value it is directly
dependent on the flow conditions inside the beam.
The internal airflow is characterized by high local velocity
gradients and different flow regimes. Previous results from
simulations and experiments 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 setups and computational
models, parameters affecting the target variables can be
identified.
Grateful acknowledgement is made to TROX GmbH for its
financial support.

Fig. 2: Flow visualization in the induction zone
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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, because poor thermal comfort is expected to lead to
decreased alertness and productivity. Thus, improvement of
the pilots’ thermal environment may help minimizing risks in
aviation due to human failure.
To assess the thermal comfort in the aircraft cockpit, in a
first step, the thermal environment is simulated with Computational Fluid Dynamics (CFD). Cockpit airflow is naturally
time-dependent, turbulent and partially buoyancy-driven.
All these effects, as well as radiation, are modelled. The
commercial simulation environment ANSYS® Workbench
including the CFX flow solver is used for the simulation
chain. In a second step, the thermoregulatory response of
the human body is simulated with the in-house developed
multi-compartment thermal comfort model 33NCM, allowing to assess the occupants’ thermal sensation and comfort
locally and globally.
Different ventilation configurations are examined with regard to their effect on the thermal environment with CFD
methods. In this study, the total amount of fresh air deliv-

ered to the cockpit as well as the distribution of air through
the various diffusers is varied. Each ventilation configuration is assessed among other things according to global
and local air change efficiency, temperature stratification
and the resulting thermal comfort.
It is found that by introducing additional extraction grids in
the cockpit, the air change efficiency can be improved by
50 % and the temperature stratification is decreased. Moreover, draught risks are identified in certain areas of the occupational zone impacting the thermal comfort which are
going to be optimized in the following steps.
CFD results are going to be validated with detailed measurements from a full-scale test facility at the Fraunhofer
Institute for Building Physics. In the test facility, also subject
tests will be performed to validate the comfort simulations
and to extend the empirical data base for the thermal comfort model.
This work has been financed by the Fraunhofer Institute for
Building Physics with funds from the German “Bundesministerium für Wirtschaft und Technologie” under support code
20K0905M.

Fig.: CFD-Plot of local air change efficiency, a value of 1 indicating satisfying
local air change efficiency
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Air Flow Measurements in an Aircraft Cabin
Mock-up
The passenger´s comfort in aircraft cabins is strongly related
to the air flow field inside the cabin. An aircraft cabin mockup has been built up to investigate the air flow field in a
cabin using different air distribution systems and different
air diffuser designs.
Due to the complexity of the physics inside aircraft cabins,
new aircraft ventilation systems cannot be designed only
virtually, that is, by simulations. Hence, beside the simulations have to be accompanied by experiments to validate
the simulation results.
That is why an aircraft cabin mock-up has been built in the
test hall of the institute. With the help 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, allowing for changes in the various parts of the cabin, depending on diffuser design or the
air distribution system. Figure 1 shows a picture of the mock
up. Thermal manikins substitute for the passengers and provide the internal heat load. The manikins are heated by heat
mats. As a result, heat emission is very uniform (Figure 2).

stant temperature or are close to being adiabatic. The outflow velocity distribution of the diffuser is measured separately.
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). Ventilation
effectiveness is evaluated from tracer gas experiments. For
this purpose, special tracer gas measurement equipment is
used, which can be applied for very high air change rates
typically occurring in aircraft cabins.
With this experimental setup, a variety of measurements
are conducted at different air flow rates, using different air
distribution systems and different air diffuser geometries.
The experimental results of the different measurements
can be compared, and the optimal cabin configuration with
respect to thermal comfort and ventilation effectiveness
can be identified.

Besides 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 con-

This research is performed in close collaboration with Airbus Operations GmbH.

Fig. 1: Picture of the mock-up

Fig. 2: Picture and thermography of a thermal manikin
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Integrated Energy Management for Electric
Vehicles
Within the project an integrated and generic energy management system is developed. By identifying potentials in
various parts of a vehicle, an overall energy management
including the battery, the air conditioning system and the
drive train can be optimized.
The integrated energy management is a key issue for future concepts of E-mobility. For electric vehicles, energy
will be very expensive and strictly limited. In addition, the
proposed life cycle will strongly depend on the operational
strategy. As there is less waste-heat that can be used for
the air-conditioning of the interior space, the complexity of
the energy flows increases and new challenges arise that
could be neglected in cars with conventional combustion
engines.
An integrated energy management will have to influence
the kinematics, the drive train, the climatisation of the interior space, the comfort and entertainment components
and the batteries.

The interaction of the interior space with the components
for generation of heating and cooling power is investigated
in order to provide safety and comfort for the passengers.
This is done by a coupling with models for the generation
of cooling (compressor/absorption cooling system) and
heating power (heat pump). In addition to that, alternative
methods for the heat transfer will be modeled and tested
experimentally.
Beside the active components of air conditioning there is
a great potential for the passive components. Therefore a
strong reduction of the heat transmission and the possibilities of activated enclosure parts are tested.
The individual models will be coupled in an overall vehicle
model to investigate their interactions under different
boundary conditions. Thereby the winter/heating case is of
particular importance. The interior space and the battery
need to be conditioned for 20-30% of the year at ambient
temperatures below 5°C (Figure 2).

Within this project an appropriate management system is
being developed and tested/optimized using a model of an
entire vehicle. For a thermal-energetic model of an entire
vehicle a model of the cabin (CFD code FDS) is coupled with
the models of the HVAC components (Figure 1). Further on
it will be combined with models for the drive train and battery. The performance of the algorithms of the energy management will be optimized for different driving cycles and
environmental profiles.

The results of the overall vehicle simulations will be used
for further optimizations of the individual components and
algorithms. So every step of development can be evaluated
according to the overall performance of the car.

Fig. 1: Setup of coupled simulation of the HVAC system and
cabin of a car in Dymola/Modelica and FDS

Fig. 2: Cumulative frequency of the ambient temperature in
Aachen and Berlin for a 10-Year-Minimum

Grateful acknowledgement is made to the Ministry for Economy, Energy, Building, Housing and Transport of North RhineWestphalia for providing financial support, promotional Reference 64.65.69 - EM - 1037.
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Dual Demand Side Management
Today the planning of a building is done in a one by one
case without looking at the other buildings in the same area.
Together with the institute ACS a methodology will be developed which provides a planning process for an integrated
approach based on a dynamic analysis of all energy streams.
A standard Demand Side Management is used to describe
the actions of a management utility with the objective of
altering the end-use of energy. The mechanisms which are
used are to increase demand, decrease demand, shift it between high and low peak periods, or manage it when there
are intermittent load demands. Expanding this concept to
a Dual Demand Side Management (2DSM), means that the
load management will take care of the needs of the local
systems and at the same time the need of the grid infrastructure.
The intelligence for the Dual Demand Side Management
is developed for the Innovation City Bottrop considering
the residential area Batenbrock and the commercial area
Zero Emission Park. With the information about the building physics, the electrical grid, and energy consumers and
generators a simulation model of the whole city quarter will
be developed. This model will be used as a living roadmap
which accompanies the energetic retrofit of the city quarter
and allows a high integration of renewable energy sources.

The installation of a combined heat and power system for
example provides thermal energy as well as electrical energy to the neighbourhood. In order to gain some flexibility
on the electrical generation side a thermal storage would
be favourable. The buildings themselves, especially the nonrefurbished buildings with a large time constant, offer a significant thermal mass that can be used as thermal storage.
This type of consideration creates an interesting link between electrical energy management and building infrastructure making clear the possibility for a completely new
way to intend the role of the customers and the operation
of the buildings.
In a first step at the institute the necessary simulation models in the programming language Modelica are developed.
Simplified house models allow the modelling of the whole
city quarter but also resolve the necessary dynamic effects.
The models for an automated generation of hydraulic networks are the basis for a fast variation between different
supply structures.
Grateful acknowledgement is made to E.ON gGmbh for
providing financial support and to the city of Bottrop, InnovationCity Management GmbH and Emscher Lippe Energie
GmbH for supporting the project.

Fig.: Schematic of the Dual Demand Side Management
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Nina Kopmann present current research results at the
conference of German technical-research organization
for refrigeration, air conditioning and heat pump technol
ogy (DKV). During the conference Rita Streblow is honoured with the DKV Junior Research Award.

Freshman day
	

15

Roozbeh Sangi joins the institute

02

Julia Soriga starts a three month internship at the institute

October 2011

Michael Adolph´s wedding

31

Azadeh Badakhshani leaves the institute

19-26

Rita Streblow and Pia Auferkorte give a speech and
student-workshop at the German University of Technology in Oman

18-21

Davide Calì gives a presentation at the World´s
Sustainable Building Conference in Helsinki, Finland

17

Marcus Fuchs and Martin Hoffmann join the institute

07

EBC opens its door for freshman students

September 2011
28-30

Davide Calì gives a presentation at ökosan in Graz, Austria

Ökosan, Lausanne
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September 2011

Indeland triathlon

28

At the FGK (association for buildings and indoor climate)
congress “Ventilation in Schools” in Wiesbaden, Peter
Matthes presents results of a research project on hybrid
ventilation for schools

14-16

Johannes Fütterer, Davide Calì, Nina Kopmann, Corinna
Leonhardt, Azadeh Badakhshani and Pooyan Jahangiri
present current research results at the CISBAT 2011 in
Lausanne, Switzerland

01

Christoph Wirtz joins the institute

august 2011
20-22

Björn Flieger, Henning Freitag, Claudia Kandzia and
Paul Mathis give presentations at the Roomvent
2011 conference in Trondheim, Norway

01

Jana Panašková joins the institute

July 2011
18-19

Internal seminar of the institute

01

Moritz Lauster joins the institute

Energy management presentation
june 2011
30

Inga Eggers and Alexander Hoh leave the institute

19

The Indeland Triathlon opens up new sportive chal-
lenges for some members of the institute

07

The institute participates at the soccer cup and the
Olympiad for institutes at the RWTH Sportsday

May 2011
30

Internal seminar
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Peter Matthes speaks at the 18th WaBoLu-Innen-
raumtage Symposium (water, ground, air - indoordays symposium) in Berlin about hybrid ventilation
systems for school buildings

May 2011
10

As part of the introduction to the specialisation Energy Engineering bachelor students visit the EBC
test hall

April 2011
14

The Institute welcomes 25 middle-school schoolgirls
to learn more about our research fields and what
work as an engineer means, as part of the Girls’ Day
initiative

08

Corinna Leonhardt gives a speech at an experts´
meeting event “High-Tech am Bau”

01

Prof. Müller speaks at the AST 2011 - 3rd International
Workshop on Aircraft System Technologies - on the
topic of “Application of a Displacement Ventilation
System for Air Distribution in Aircraft Cabins”

Carnival party

March 2011
31

Ines Adrian leaves the institute

26

The ERC soccer team “Energielücke” takes part at the
RWTH Indoor Soccer Cup

07

The institute celebrates carneval

01

Pia Auferkorte joins the institute

Goodbye party Ines Adrian

january 2011
18-19

Prof. Müller gives a speech at the research symposium “Gebäude der Zukunft”, titled “Gebäude- und
Anlagensimulation: Objektorientierte Simulation mit
Modelica”, and he takes part in the panel discussion
“Das Nur-Strom-Haus als Zukunftsmodell?”
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Institute For Future
Energy Consumer needs
and Behavior

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

Preface
It is my privilege and pleasure to present to you the Fourth
Annual Report of the Institute for Future Energy Consumer
Needs and Behavior (FCN). Many things have happened
again also in 2011 that are worth reporting.
In mid-April, the FCN City Branch Office could be re-opened
at the new and again very central location (Augustinerbach
2a). Apart from the manifold benefits of having a branch
office in the central campus area, it served to accommodate
a Visiting Professor and friend of mine from Bogazici University, Istanbul (Dr Gürkan Kumbaroglu) as well as a visiting researcher from the University of Göttingen (Ines Soto).
In late November we finally moved into the new E.ON ERC
Main Building, where we now have enough office space to
to do excellent research in an inspiring work environment,
with lots of open space to meet researchers from the other
research institutes.
Several major research projects could successfully be completed, including a project on econometric estimation of
energy demand elasticities, one on dynamic portfolio optimization of power plants, and one on modeling of supply
chains for 2nd-generation biofuels. Regrettably, completion
of two other major projects (plug-in hybrid electric vehicles,
competing residential heating systems) is slightly delayed
due to demanding (outsourced) large-scale surveys. Still,
with the unique and high quality datasets finally available, data evaluation is now well underway, using a variety of
state-of-the-art methodologies, which will no doubt yield a
number of important new insights and, hopefully, also publications in high-quality journals.
In terms of the ongoing research we made considerable
progress especially on the development of an evaluation
tool for energy retrofits of office buildings (joint research
with EBC) as well as in terms of experimental design, spatial economic and econometric analysis of energy projects,
research on how to raise energy efficiency by direct foreign investment and the help of energy service companies
in Russia, and a study on how to put “Forests in the Tank”
(IMP Pathfinder project, collaboration with Prof. Marquardt,
Chemical Engineering, within our university’s Cluster of Excellence “Tailor-Made Fuels from Biomass”). New research
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topics adopted in 2011 include the economics of geothermal cogeneration, the economics of wave power, the hedonic pricing of large wind farm projects, the analysis of the
“Great Pacific Garbage Patch” from an environmental economics perspective, the economic viability of high-temperature nuclear reactors for industrial CHP, and the economics
of corrosion, to mention just a few.
In January 2011, the honorary title Research Professor of
DIW Berlin (German Institute of Economic Research) that
I received in January 2008 was prolonged for another three
years. Furthermore, I had the honor to join the distinguished
Editorial Board of the very promising new journal Energy
Systems: Optimization, Modeling, Simulation, and Economic Aspects (Springer) launched in 2010.
Good news was the accreditation of RWTH’s School of Business and Economics by the AACSB, as one of only six business schools in Germany, which is a great honor and motivation for the faculty to maintain the high quality standards in
both research and teaching. Likewise, the shaping of the Research Areas (where I am heavily involved with my group in
the one dubbed “Energy, Mobility, and Environment”) and of
the planned Prosumer Lab, both of which are core elements
of the School’s Integrated Management Factory (IMF) concept made some progress as well, although this will gain
much more momentum in 2012 when the university’s excellence status will - hopefully - be re-confirmed and prolonged for another five years. Finally, on the initiative of FCN,
a brownbag seminar “AixPerimental Economics in Progress”
(AEP), where ongoing research in experimental economics
of different research groups is presented and discussed,
could be established, held monthly at the E.ON ERC.
Staff fluctuation has again been very low, although two
post-docs (Dr Gesine Arends, Dr Miguel Alva-Gonzalez) have
left the institute at the end of the year, likely to be replaced
by 1-2 doctoral students in 2012, provided the somewhat
tighter budget situation permits.
I very much enjoyed the first “quasi-sabbatical” (teachingfree semester). Although I was able to reduce the teaching
load only by some 40%, I still managed to write a number of

new papers, but also to revise existing papers for journal resubmission. Overall, I was able to raise the amount of peerreviewed articles from 2 in 2010 to 14(!) in 2011. It further
allowed me to actively participate in important international conferences (IAEE 2011 in Stockholm, EMEE 2011 in Dallas, ICAE 2011 in Perugia, ESEE 2011 in Istanbul, SES 2011 in
Zurich, OR 2011 in Zurich, INFORMS 2011 in Dallas, among
others), and there to both learn about ongoing research elsewhere and to meet old and some new colleagues, many
of which are keen to visit FCN and the center some time.
Still another trip was enabled to launching a small research
project on the economics of wave power (collaboration
with E.ON Nordic and Ocean Harvest Technologies) and to
visit Prof. Lars Nilsson’s Environmental and Energy Systems
Studies group at Lund University.
The FCN Working Paper Series could be extended by 22 new
working papers, of which several were listed (even repeatedly) in the “Top 10 Downloads” of the Social Science Research Network (SSRN) download stats, a good indicator of
the visibility and popularitiy of some of the FCN research
output and topics covered. Also, as in previous years, some
outstanding student research was accomplished, frequently
in collaboration with companies active in energy markets
(energy providers, technology manufacturers, consulting
firms) or other universities (e.g. London Business School,
Chalmers University, ETH Zurich).

during which – apart from skiing in a picturesque environment and memorable socializing in the evenings – going
research in an early stage and the past, current and planned future development of the FCN and new ideas were
discussed and reflected upon.
Two of the external PhD candidates (Günther Westner, Richard Lohwasser), the first ones under my main supervision,
have successfully completed their research and submitted
their theses. Several of the articles elaborated could already
be published in top field journals, including Energy Economics, Energy, Journal of Cleaner Production, and Energy Policy, while others are still in the peer-review process.
The course “Energy Economics, Consumer Behavior and Risk
Management” as part of a new certificate program “Future
Energy Management” (offered jointly by my colleagues Rik
De Doncker, Antonello Monti and myself with the help of
the RWTH Aachen International Academy) was well received by the participants and received very positive feedback.
As in previous years, I have been invited to join the Scientific Committees of important international conferences,
including the International Conference on Applied Energy
(ICAE 2012; Jul 5-8, 2012, Souzhou, China), the 12th IAEE European Conference (Sep 9-12, 2012, Venice, Italy), and the 4th
Conference on ICT for Sustainability (ICT4S 2013; Feb 14-16,
2013, Zurich, Switzerland).

Jointly with my colleague Prof. Gürkan Kumbaroglu I offered two new and very well-received courses that helped to
mitigate the School’s current shortage of courses in the Bachelor in Business Economics program. We also successfully
completed a joint paper on how to dynamically optimize
energy retrofits of buildings under uncertainty from an economics perspective, and made good progress with our textbook on electricity market modeling and forecasting to be
published with Springer in 2013.

As JARA-Energy Director of RWTH Aachen, it was a pleasure
to work in a team of people from RWTH Aachen University
and the Research Center Julich on issues such as the very attractive new JARA-Energy brochure, new activities for 2012,
and the further conceptualization of JARA-Energy.

Still another highlight of the year was the first FCN Retreat
in the Austrian Alps (Söllerhaus, Kleinwalsertal, Vorarlberg),

Aachen, January 2012
Reinhard Madlener

Overall, it was again a very exciting, positive and stable year
for FCN. I would like to thank all those who contributed
throughout the year to our great success.

CONTACT
Prof. Dr. rer. soc. oec. Reinhard Madlener
Chair of Energy Economics and Management
Director FCN
Mathieustraße
Main Building
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 successfully launched in
fall 2008. Since then, 5 papers were published in 2008, 12 in
2009, 27 in 2010, and 22 in 2011, 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. The figure on page 133
shows that the scientific community and decision-makers
in the industrial and policy domains have been attracted remarkably high right from the launch of the series, measured
by the number of page views and paper downloads.

Sorda G., Sunak Y., Madlener R. (2011). A Spatial MAS
Simulation to Evaluate the Promotion of Electricity from
Agricultural Biogas Plants in Germany, FCN Working Paper
No. 1/2011, January.

Madlener R., Sicking S. (2011). Assessing the Economic
Potential of Microdrilling in Geothermal Exploration, FCN
Working Paper No. 7/2011, April.

Madlener R., Hauertmann M. (2011). Rebound Effects in
German Residential Heating: Do Ownership and Income
Matter?, FCN Working Paper No. 2/2011, February.

Bernstein R., Madlener R. (2011). Responsiveness of
Residential Electricity Demand in OECD Countries: A Panel
Cointegration and Causality Analysis, FCN Working Paper
No. 8/2011, April.

Garbuzova M., Madlener R. (2011). Towards an Efficient and
Low-Carbon Economy Post-2012: Opportunities and Barriers
for Foreign Companies in the Russian Market, FCN Working
Paper No. 3/2011, February, revised July.

Michelsen C.C., Madlener R. (2011). Homeowners’ Preferences for Adopting Residential Heating Systems: A
Discrete Choice Analysis for Germany, FCN Working Paper
No. 9/2011, May.

Westner G., Madlener R. (2011). The Impact of Modified EU
ETS Allocation Principles on the Economics of CHP-based
District Heating Networks, FCN Working Paper No. 4/2011,
February.

Madlener R., Glensk B., Weber V. (2011). Fuzzy Portfolio
Optimization of Onshore Wind Power Plants, FCN Working
Paper No. 10/2011, May.

Madlener R., Ruschhaupt J. (2011). Modeling the Influence of
Network Externalities and Quality on Market Shares of Plugin Hybrid Vehicles, FCN Working Paper No. 5/2011, March.
Juckenack S., Madlener R. (2011). Optimal Time to Start
Serial Production: The Case of the Direct Drive Wind Turbine
of Siemens Wind Power A/S, FCN Working Paper No. 6/2011,
March.
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FCN Working Paper Series

Glensk B., Madlener R. (2011). Portfolio Selection Methods
and their Empirical Applicability to Real Assets in Energy
Markets, FCN Working Paper No. 11/2011, May.
Kraas B., Schroedter-Homscheidt M., Pulvermüller B.,
Madlener R. (2011). Economic Assessment of a Concentrating Solar Power Forecasting System for Participation in the
Spanish Electricity Market, FCN Working Paper No. 12/2011,
May.

Stocker A., Großmann A., Madlener R., Wolter M.I. (2011).
Sustainable Energy Development in Austria Until 2020:
Insights from Applying the Integrated Model “e3.at”, FCN
Working Paper No. 13/2011, July.
Kumbaroğlu G., Madlener R. (2011). Evaluation of Economically Optimal Retrofit Investment Options for Energy
Savings in Buildings, FCN Working Paper No. 14/2011,
September.
Bernstein R., Madlener R. (2011). Residential Natural Gas Demand Elasticities in OECD Countries: An ARDL Bounds Testing Approach, FCN Working Paper No. 15/2011, October.
Glensk B., Madlener R. (2011). Dynamic Portfolio Selection
Methods for Power Generation Assets, FCN Working Paper
No. 16/2011, November.
Michelsen C.C., Madlener R. (2011). Homeowners’ Motivation
to Adopt a Residential Heating System: A Principal-Component Analysis, FCN Working Paper No. 17/2011, November.

Razlaf J., Madlener R. (2011). Performance Measurement of
CCS Power Plants Using the Capital Asset Pricing Model,
FCN Working Paper No. 18/2011, November.
Himpler S., Madlener R. (2011). Repowering of Wind Turbines: Economics and Optimal Timing, FCN Working Paper
No. 19/2011, November.
Hackbarth A., Madlener R. (2011). Consumer Preferences for
Alternative Fuel Vehicles: A Discrete Choice Analysis, FCN
Working Paper No. 20/2011, December.
Heuser B., Madlener R. (2011). Geothermal Heat and Power
Generation with Binary Plants: A Two-Factor Real Options
Analysis, FCN Working Paper No. 21/2011, December.
Rohlfs W., Madlener R. (2011). Multi-Commodity Real Options Analysis of Power Plant Investments: Discounting Endogenous Risk Structures, FCN Working Paper No. 22/2011,
December.

Fig.: FCN Working Papers, SSRN Popularity statistics - Page Views and Paper Downloads 2011
(Version as of December 31, 2011)

FCN Working Paper Series
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student research
MASTER THESES
Sebastian Godolt
Qualitative Bewertung der sozialen Akzeptanz großer Kraftwerke am Beispiel des E.ON Steinkohlekraftwerks Datteln IV
(6/2011 - 10/2011)
Johann Razlaf
Performance Measurement of CCS Power Plants Using the
Capital Asset Pricing Model (7/2011 - 10/2011)
DIPLOMA THESES
Axel Johann
Für wen lohnen sich Energiespeicher zur Steigerung des
Energieverbauchs von Solarstrom? Eine ökonomische Analyse verschiedener Haushaltstypen in Deutschland (8/2011 11/2011)
Karen Kemmerich
Ökonomische Analyse korrosionsbedingter Schäden (1/2011
- 7/2011)
Julian Blum
Exploring the Diffusion of Innovative Residential Heating
Systems in Germany – an Agent-based Modeling Approach
(2/2011 - 4/2011)
BACHELOR THESES
Sebastian Himpler
Repowering of Wind Turbines - Economics and Optimal Timing (6/2009 - 9/2011)
Marcel Martin
Der Einfluss von Öko-Labels auf das Entscheidungsverhalten
privater Haushalte bei Personenkraftwagen (6/2011 - 9/2011)

Tim Reismann
Der „Great Pacific Garbage Patch“ - Eine umweltökonomische
Analyse des „sechsten Kontinents“ (7/2011 - 10/2011)
Andreas Höwedes
Technisch-/Ökonomische Bewertung eines veränderten Zuschnitts von Marktgebieten für elektrische Energie in Zentraleuropa (6/2011 - 9/2011)
Casimir Ortlieb
An Investigation of the Economic Viabilitiy of Wave Energy
Technology (6/2011 - 9/2011)
Nils Robert Neumann
Modeling the Diffusion of Alternative Drive Systems for Motor Vehicles - An Agent-Based Simulation Approach (5/2011
- 8/2011)
Christian Philippen
Greenhouse Gas Mitigation in Cities: The Relevance of Energy
Supply Networks and Policy Implications (3/2011 - 6/2011)
Felix Solbach
Energieeffizienz und CO2-Verminderung in Russlands Industrie am Beispiel deutscher Direktinvestitionen (3/2011 - 6/2011)
Melanie Milanowski
Model-Based Investment Appraisal of a Cost-Optimized Retrofit Path for Office Buildings (1/2011 - 5/2011)
Janissa Arevalo-Romero
Analyse und Konzeption zukunftsorientierter Geschäftsmodelle für Messstellenbetreiber und Messdienstleister in
einem dynamischen Energiemarkt-Umfeld (1/2011 – 4/2011)
Joel Deussen
Analyse und ökonomische Modellierung der Lithiummärkte
(1/2011 - 4/2011)

STUDY THESES
Andreas Vieten
Zukünftige Anforderungen an die wirtschaftliche Optimierung von Pumpspeicherkraftwerken (10/2011 - 12/2011)
Benedikt Heuser
Wirtschaftlichkeitsbetrachtung geothermischer Stromerzeugung mittels binärer Kraftwerke (9/2011 - 11/2011)
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Student Research

Bertrand Kerres
A Comparison of Wind Turbine Life-Cycle Costs and Profits
Resulting from Different Maintenance Strategies (1/2011 4/2011)
Jia Fei
Economically Viable Options to Enhance the Absorptive Capacity of Intermittent Power Generation at the Distribution
Level (11/2010 - 2/2011)

Teaching
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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 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), such as the gas- or oil-fired condensing boiler with solar thermal support, the heat pump
or the wood pellet-fired boiler, have come into the focus of
policy makers and private homeowners in the past few years. All of these competing RHS provide the same quality of
residential heat; however, they have significant differences
in their economic, environmental and technical characteristics. Besides the external decision context, personal-sphere
elements, such as attitudes or norms, which are shaped by
economic framework conditions, seem to play a role in the
adoption decision process in favor of RHS.
In the first step of our research, we developed an integrated
theoretical framework for assessing the homeowner’s adoption decision for an innovative RHS (FCN Working Paper
No. 2/2010). Starting from an attitude-based theory (Theory
of Planned Behavior), we proposed a framework that explicitly accounted for economic aspects and personal-sphere
determinants. Based on this framework, we developed and
pre-tested 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 main survey
for the case of Germany (sample size: 5000 homeowners)
achieved an overall response rate of about 60% (N=2985).
We applied different econometric and multivariate analysis
methods in order to investigate the survey data. Based on a
multinomial regression model, we analyzed the influence of
preferences, socio-demographic characteristics and home
and spatial variables on the adoption probability for a certain RHS (FCN Working Paper No. 9/2011). Our findings show
that there are different drivers for the adoption of RHS in
newly built and existing 1- and 2-family homes, and that the
importance of key drivers differs across groups of homeowners and RHS. First, we find that adopters of a gas- and oilfired condensing boiler with solar thermal support have a
strong preference for energy savings, while adopters of a

heat pump or wood pellet-fired boiler prefer being independent from fossil fuels. Second, we find preferences for RHSspecific attributes to be highly relevant for owners of newly built homes, while evidence on the influence of control
variables is scarce. Third, we find that socio-demographic,
home and spatial characteristics have a higher and more
differentiated impact in the case of existing homes. These
variables predetermine the decision context and leave less
leeway for the influence of preferences when replacing an
RHS in an existing home.
Results from a principal component analysis show that the
motivation of homeowners to adopt an RHS has six dimensions (FCN Working Paper No. 17/2011). They include (i) the
associated costs (ii) the general attitude towards the RHS,
(iii) the government incentive, (iv) reaction to framework
conditions like energy security and environmental issues,
(v) the comfort related to the RHS and (vi) the influence
of significant others (subjective norms). Moreover, we show
that the relevance of the components varies between the
adopted RHS and the type of home.
Next steps in this research include data analysis with structural equation models in order to further investigate the
individual adoption decision.

Fig.: Income of RHS adopters (based on data from the main
survey)
Source: FCN

CONTACT
Dipl.-Volksw. Christian Michelsen, M.Sc.
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Research: Project Descriptions

T +49 (0)241 80 49836
F +49 (0)241 80 49829
cmichelsen@eonerc.rwth-aachen.de

PLUG-IN HYBRID ELECTRIC VEHICLES FOR CO2-FREE MOBILITY AND ACTIVE STORAGE SYSTEMS FOR THE GRID
Combining the electricity supply sector with the road-based
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 will 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. However, a transition to electric mobility
critically depends on consumer acceptance.
In this research project we aim to (1) assess consumer preferences for alternative fuel vehicles (AFVs) in general and
PHEVs in particular and (2) forecast the diffusion of AFVs
in the near future. We focus our research on the German
market.
Overall consumer acceptance of new technologies like AFVs
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 and vehicles. Salient variables are (1) vehicle attributes, such as purchase price, maintenance costs,
and CO2 emissions per km; (2) governmental framework
conditions, such as investment subsidies or CO2 tax remedies; (3) demographic variables; and (4) personality variables, such as attitudes towards the environment. Second,
we empirically estimate the impact of these factors on individual vehicle choice decisions by analyzing data from a
large-scale customer-oriented survey in a discrete choice
econometric framework (FCN Working Paper No. 20/2011).

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, as have network effects and quality
attributes (FCN Working Paper No. 5/2011).
We also determine the economically optimal battery size
of PHEVs (Ernst et al., 2011, Energy Policy, 39(10): 5871-5882),
and simulate the impact of PHEVs and their usage of vehicle-to-grid (V2G) services on electricity generation costs
and emissions. 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 sciencebased policy recommendations.

Fig.: Simulation of market share and vehicle population development until 2040
Source: FCN/N.Neumann (FCN Study Thesis)

Our survey results are used to simulate and forecast future
adoption and diffusion of AFVs in general, and PHEVs in particular, in Germany under a variety of scenarios in an agentbased simulation model, in which the causal interactions
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IMP-18: Forests in the Tank (FITT)
We aim to develop a methodology for evaluating key technoeconomic aspects of innovative processes that convert lignocellulosic biomass into fuels and bulk chemicals, and are
currently under development at the Cluster of Excellence
“Tailor-Made Fuels from Biomass (TMFB)” at RWTH Aachen
University. Preliminary research results on lignocellulose
transformation pathways and the energy efficiency of their
process design will be complemented by an economic model
that accounts for resource availability and the associated
production chain in order to evaluate the market effects of
introducing the new technology.
An integrated interdisciplinary approach between the engineering and economic disciplines is necessary to evaluate
the untested ability to successfully bring the products of
this technology to the market. The objective of this project
is to lay the foundations of an evaluation framework that
encompasses the various aspects of the proposed woodto-biofuel synthesis. Most importantly, we plan to improve
the informative value of the existing model-based process
design by linking it to a forest model that models its main
resource input, i.e. woody biomass from both the forest and
the wood-processing industry.
A first example will be the transformation of beech wood
to methyltetrahydrofuran (MTHF), which has been identified as a potential fuel. Although the individual catalytic
reactions and the unit operations for the MTHF production
are still under development, a preliminary evaluation of the
mass and energy balance can be provided by Reaction Network Flux Analysis (RNFA) – a screening method designed
by AVT.PT within the TMFB Cluster of Excellence. This gives
us an ideal case study to investigate the influence of TMFB’s
new technology on its resources market.

sic technologies may be assessed through a simplified model incorporating the key features of the targeted industry.
Overall, our research approach not only considers a groundbreaking lignocellulosic conversion still under development,
but it also tackles a missing link in the current literature between sequential process design, techno-economic evaluation and the impact of a new technology on relevant input
factor and output markets. Even though we are focusing on
a specific component of the production technology, our methodological contribution has the potential to be adopted
in other applications in biofuel process design or beyond.
In particular, we will try to devise a framework to analyze
the impact that a potentially “disruptive technology”, such
as the one proposed by TMFB, will have on the market dynamics of renewable resources previously not competing with
other production inputs.

Fig.: Conversion process from raw biomass to biofuel use in
combustion engines
Source: RWTH Aachen TMFB, AVT.PT

RNFA models are complementary to the identification and
evaluation of sustainable energy production chains from
wood resources. The dynamics of the forest and wood-processing industry following the introduction of lignocellulo-
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OPTIMIZATION OF POWER GENERATION MIXES
In recent years, it has become increasingly popular to take
financial risk considerations explicitly into account when deciding about long-term investment decisions in power supply
systems. One of the financial methods used in the energy
sector is Mean-Variance Portfolio (MVP) Theory. Theoretical
and empirical research indicates that MVP theory is a consistent framework for such analysis. In this framework, financial risks and the technical, economic and societal aspects
of the generation technologies are explicitly considered.
Unfortunately, MVP theory is a static approach which allows
examination of the as-is state, while dynamic approaches
also consider technical change, learning effects, and other
impacts that may affect the risks and returns from investment in generation technologies.
The major goal of the project “CO2 Free Power Generation
from Nuclear Energy and Renewables: Perceived and Actual
Risks” is to move beyond the static portfolio optimization
approaches suggested in the literature and instead use 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. In this project a dynamic portfolio selection model for power generation mixes was developed (FCN Working Paper No. 16/2011) based on the multiperiod portfolio selection model proposed in the literature.
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 included offshore
wind power plants and concentrating solar thermal power
to investigate the potential portfolio benefits of these technologies.
The results of our research show that the application of the
multi-period portfolio selection model to the power generation mix could indeed improve the decision-making process,
especially with regard to the impact of new investments

(Fig.). Nevertheless, the presented conclusions as well as
the application of applied solution approaches need further
investigation.
The second aim of the project is to investigate public acceptance of energy projects and, in particular, possible discrepancies between perceived and actual (technical and financial) risks. A review of existing scientific literature shows
highly disparate estimates of the social acceptance of different energy technologies (studies show different levels of
social acceptance for nuclear power, renewable energy and
Carbon Capture and Storage, CCS). In our project we also
investigate the media coverage and social acceptance of a
real-world state-of-the-art hard-coal-fired power plant (Datteln, Germany), and alternative ways how social acceptance
can be included in MVP analysis.
Building on these analyses in future research we will combine dynamic modeling of portfolio selection with the social acceptance of technologies.

Fig.: Efficient frontiers of E.ON‘s power generation mix
in Germany regarding new investments in offshore wind
power and concentrating solar power, CSP
Source: FCN Working Paper No. 16/2011
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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 develop state-of-the-art tools that can be
used to study how decisions related to energy production
and use are affected by economic and other elements of
the surrounding geography. We plan to use these tools to
study two research questions. First, we want to focus on
production and investment in the energy sector. We will
identify factors that affect investment in different types of
power generation infrastructure, and how they are affected
by location. Second, we will focus on the demand side: on
how energy consumption and pollution affect spatial patterns of residential choice.
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 will obtain accurate and precise estimates of these impacts. We will then be able to make predictions on biogas plant profitability at specified locations.
We could also infer how the market could be affected by
regulatory changes. These changes could include tax structure, investment aid and promotion of other energy sources.
The consumer problem would relate to an analysis of patterns in residential energy consumption, appliance use and
pollution. We would focus on how pollution could be used

as a proxy for energy consumption, and how the former correlates across neighborhoods in an attempt to isolate factors that affect residential choices. Household and neighborhood level data would be incorporated into the spatial
model to generate impact estimates of these factors at individual, neighborhood and citywide scales of measurement.
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. On one front
we are developing the tools needed to conduct state-ofthe-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. Some of these
results have already been presented at international academic conferences, attracting considerable attention.
Data collection has proven to be difficult. At the required
level of geographical detail, we have faced privacy protection laws and other restrictions, which impede our ability
to perform tests of statistical significance. In the interim,
we have been able to test our models using open source
American data (e.g. see Figure). We are managing to gather
and process an increasing amount of spatial data subject to
confidentiality agreements with governmental and private
institutions, but progress has been slow.

Fig.: SNAP participants as percent of total population, 2006
Source: FCN
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UNDERSTANDING ENERGY CONSUMER BEHAVIOR THROUGH
ECONOMIC EXPERIMENTS
To develop and implement optimal economic policies and
strategies in the energy space, it is important to understand
energy consumer preferences. Using traditional preference
elicitation methods can result in biased or imprecise estimates. Survey-based methods are vulnerable to hypothetical
bias. Since respondents know that filling in a survey does
not affect real life outcomes, their responses are often poorly
thought-out and non-indicative of true preferences. Parsing
secondary data may also lead to error because of poor data
quality and endogeneity, as exemplified by omitted variable
bias or reverse causality. Researchers today tackle these issues head on either through new methodologies like economic
experiments or by devising strategies to mitigate obvious
problems in existing methods.
Under this project we conduct two studies, each implementing state-of-the-art methods that elicit accurate and
precise estimates of energy consumer preferences. In our
first study we use a survey to conduct a choice experiment.
We look at how consumers evaluate technological energy
saving measures (ESMs) like triple-glazed windows, better
insulation, compact fluorescent lights. We identify and value
the attributes of these ESMs that matter to consumers and
then test hypotheses about preferences over these attributes. These attributes include cost, comfort, ease-of-use and
“greenness.” We are particularly interesting in evaluating
the importance of “greenness.” Our methodology is based
on classical economic theories on consumer behavior, as
well as recent developments in Random Utility Theory. We
analyze our results using a Random Parameter Logit model,
which allows for preference heterogeneity. Although there
is previous research comparing various ESMs, ours is the
first study that specifically values the common attributes of
ESMs. In so doing, we examine the human-technology interface and identify factors that improve the likelihood of
human adoption of new energy-related technologies. This
study is currently in progress. We have designed the experiment after extensive pre-testing through qualitative interviews of energy consumers and focus group discussions.
The survey instrument will be sent out shortly, and we hope
to have preliminary results in a few months.

We are also in the early stages of designing another study,
which is an economic experiment and will be conducted in
the experimental economics laboratory at RWTH Aachen
University. We will study how residential consumers evaluate bundles of ESMs. More specifically, 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 and extends the energy economics literature on
household preferences for energy-saving measures as it is
designed under an auction framework and bears upon the
recent issue of mass-customization of ESMs.

Fig.: Example of Choice Card
Source: FCN, own survey
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ECONOMETRIC ESTIMATION OF ENERGY DEMAND
ELASTICITIES
Energy-related policy designs have far-reaching and longterm 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.
The methodological focus of the project lies in the application of time series and panel data econometric methods.
We employ three cointegration techniques, each having its
own merits: (1) the maximum likelihood system approach
by Johansen, (2) the fully modified OLS (FMOLS) and dynamic OLS (DOLS) group-means panel estimation framework by Pedroni, and (3) the autoregressive distributed lag
(ARDL) bounds testing procedure by Pesaran.
In the first part, we estimate industrial electricity demand
elasticities at the subsectoral level. The annual data set
used covers eight subsectors of the German economy. By
employing a cointegrated VAR model specification we find
cointegration relationships for five of the eight subsectors
studied. The long-run demand elasticities range between
0.7 and 1.9 for economic activity and between –0.5 and zero
for the price of electricity. The short-run elasticities are estimated by single-equation error-correction modeling (ECM)
and found to be between 0.2 to 1.0 for economic activity
and –0.6 to zero for electricity price.
In the second part, we estimate residential electricity demand elasticities and conduct an analysis of the causal relationship between electricity demand, disposable income
and electricity price for a group of eighteen OECD members
by applying panel cointegration methods. Our results for
the whole panel indicate a near unity income elasticity and
an inelastic price elasticity of approximately –0.4 in the long
run. These results are robust with regard to the estimation
methods employed (group-means panel FMOLS and DOLS).

In the short run, our estimates from an ECM indicate an
income elasticity of 0.2 and a price elasticity of approximately –0.1.
In the third part, we analyze residential natural gas demand
for twelve OECD countries using time series data from 1980
to 2008. We estimate long-run demand elasticities with regard to real disposable income and real residential natural gas price using the ARDL bounds testing procedure. By
employing an error correction framework we also obtain
estimates of the speeds of adjustment to long-run equilibria and short-run elasticities for individual countries. We
account for the effect of weather conditions on natural gas
demand in a given year by including heating degree days
as a control variable. On average, the long-run elasticities
are 0.9 with regard to income, –0.5 with regard to price and
1.4 with regard to heating degree days. The short-run dynamics, assessed by estimation of the error correction models,
indicate an average adjustment coefficient of –0.6, a shortrun income elasticity of 0.5, a short-run price elasticity of
–0.2 and a short-run elasticity with regard to heating degree
days of 0.7.
Overall, regardless of the sector or energy type considered,
our results imply that the steering effect of tax-induced price increases on energy demand has a very limited potential for energy conservation, and hence a reduction of GHG
emissions.

Fig.: Residential natural gas consumption (ktoe) per capita
Source: IEA, own illustration
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FOREIGN DIRECT INVESTMENT IN CARBON FOOTPRINT
REDUCTION PROJECTS: THE CASE OF THE RUSSIAN ENERGY
MARKET POST-2012
Russia is one of the most energy- and carbon-intensive countries in the world: it remains the third-largest contributor to
global CO2 emissions, after the U.S. and China. The consumption of energy per unit of GDP (0.42 toe/100$) in Russia is
3.2 times higher than in Europe. A poorly maintained technical equipment and low energy efficiency in the country’s
industry cause a huge wastage of energy resources and increasingly affects the development of the Russian economy.
Furthermore, a rapidly growing domestic demand for energy
could lead to energy scarcity for both domestic use and export and an aggravation of climate change. This situation
alarms international authorities, especially from European
and other energy-importing countries that are involved in
long-term energy-economic interdependencies with Russia.
Additionally, a fact that the technical potential of energy efficiency could reach 45% of the country’s total energy consumption, foreign investors are becoming motivated to put
Russia under scrutiny and to introduce numerous models
and mechanisms in the energy efficiency and carbon mitigation fields.

barriers and successfully exploit opportunities arising from
the implementation of the long-term JI and GIS projects in
the Russian energy market (Garbuzova and Madlener, 2011,
Mitig Adapt Strateg Glob Change, online since Nov, 2011).
Hence, a business model of an Energy Service Company
(ESCO) is in the focus of our investigation. A market intermediary could help to effectively overcome some of the defined transaction barriers, and serve as an effective entity
for the implementation of the JI and GIS projects.
To date, there is no comprehensive review of the ESCO industry in Russia and minimal scientific work that is widely
and internationally accessible. Several aims and procedures
are defined for this research project in order to fill this gap.
Firstly, we analyze the current and future developments
in Russian energy efficiency and climate policy. Secondly,
we investigate an ESCO business model as an alternative
financing mechanism that facilitates FDI and technology
transfer in energy efficiency and carbon mitigation projects
post-2012, especially in such as JI and GIS.

The focus of this research project is laid on two marketbased mechanisms Joint Implementation (JI) and Green
Investment Schemes (GIS) as possible forms of channeling
foreign direct investments (FDI) into international projects
in the Russian energy market post-2012.
The timely implementation of these mechanisms in order to
modernize the Russian energy industry has been expected
to bring numerous economic and environmental benefits by
providing a balanced win-win situation for foreign investors
and the Russian market itself. However, as the real situation
shows, there is insufficient progress in the implementation of JI and GIS in Russia. Numerous risks and barriers are
presumed to be responsible for such slow progress and for
deterring foreign investors from entering the Russian energy sector. In this context, there is a need for an investigation
of the relevant barriers with regard to energy efficiency and
carbon mitigation. We presume that new business models
must be designed and adopted in order to overcome these

Fig.: Scale and structure of Russia‘s energy efficiency
potential
Source: Bashmakov I. (2011). Governmental Program of the
Russian Federation “On Energy Conservation and Improving
Energy Efficiency up to 2020” (CENEf)
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EVALUATION TOOL AND RETROFIT MATRIX FOR OFFICE
BUILDINGS
When deciding on energy retrofit measures for office buildings, economic efficiency is probably the most important
criterion besides actual energy and CO2 savings. In this joint
project, EBC calculates the latter for sets of possible retrofit
measures (see EBC project description). FCN’s task is to develop a suitable method for economic evaluation. The final
result will be a tool allowing the user to select from retrofit
options for a specific building based on detailed knowledge
of both energy and economic implications.
Existing tools for energy retrofit advice focus on the technical aspects of selecting the optimal combination of measures (FCN Working Paper No. 14/2011). They mostly use static
indicators for economic comparison, such as investment
cost or payback time based on first-year cost. However, investments in buildings generate benefits and costs, for example energy savings and maintenance, far into the future.
A dynamic evaluation is called for in order to take the time
value of money into account. Furthermore, the most important influence on cost-effectiveness of retrofits in self-used
buildings is energy price, for which a linear model is merely
a rough approximation. Thus even a dynamic method as
used by Chidiac et al. (Energy and Buildings, 2011, 43 (2-3)) is
not sufficient if it does not consider uncertainties in energy
price trends.
In order to meet the requirements mentioned above, the
economic analysis implemented within the retrofit evaluation tool comprises three elements. First, the Net Present
Value method is used to account for the time value of money. Thereby, future cash flows are discounted to their current value which allows for a comparison of investments
with different initial and future costs and benefits. Second,
uncertainty in the energy price development is considered
both by simultaneously evaluating different scenarios and
by using Monte Carlo simulation to determine possible outcomes based on historical price developments. Third, the
user may be advised as to whether to wait before investing.
This real options analysis is based on the Monte Carlo forecasts and determines the probability of achieving a higher
net present value at a later time. In the case where the in-

vestor does not benefit from energy savings, as in a let building, only the first element is applied, since future benefits
are generated via rent increases.
There was further research into factors influencing the investment appraisal other than energy prices. In addition to
investment and maintenance costs specific to each set of
retrofit measures, general economic parameters are needed for the evaluation. The tool uses both standard values
as well as ranges for transaction costs, periods under consideration, discount rates, inflation, and financing costs. Also,
subsidies based on current state-aid programs are included
for the different technologies.

Fig.: Results for a sample office building: Mean net present
values from Monte Carlo simulation. Net present values below zero are not shown and indicate that returns from the
investment will most likely be below the chosen discount
rate
Source: FCN, own calculation
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DECISION-MAKING OF PRIVATE HOUSEHOLDS
(MOBILITY, ENERGY USE IN DWELLINGS)
As part of the doctoral research of Martin Achtnicht of ZEW
Mannheim, FCN focuses on improving the understanding of
individual preferences of private households with respect to
individual mobility and energy use in dwellings, and the resulting decisions and choices.
In the light of climate change and dwindling fossil energy resources, relevant decisions by economic agents have
been a major topic in political and academic debates in recent years. For private households, the areas 'Dwellings' and
'Mobility' are the primary foci of political debates today. We
present a synopsis of the ongoing research by Martin Achtnicht in these two areas.
Motorized individual transport strongly contributes to global CO2 emissions, due to its intensive use of fossil fuels. To
reduce both oil dependency and CO2 emissions, the EU aims
at increasing the fuel efficiency of cars and at substituting
traditional automotive fuels by “greener” alternatives, like
biofuels, LPG/CNG, hydrogen and 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, however, it is crucial
to provide sufficient refueling infrastructure for car drivers.
In this doctoral research a choice experiment about car
choices was conducted Germany-wide. Based on the survey
data, we study econometrically the impact of fuel availa-

bility 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. We also
provide evidence that a CO2 emission per kilometer is a relevant factor in car choice and derive related willingness-topay (WTP) estimates.
Due to high energy demand for electricity and heating, the
residential building sector is also a major emitter of the
greenhouse gas CO2, particularly in industrialized countries.
Given the EU ETS, decentralized heat generation is of particular relevance for future climate policy in the EU. 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 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. Unlike previous studies, we explicitly included
both cost and environmental benefits of energy-saving
measures. 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 also obtain
substantial WTP estimates for CO2 savings (see Figure).

Fig.: WTP for an increase of one percentage point in CO2 savings for the
heating system alternative, based on energy-savings per year.
Source: own calculations
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RISK CAPITAL REQUIREMENTS FOR ENERGY COMMODITIES –
ANALYSIS ON THE IMPACT ON POWER PLANT VALUES
In the aftermath of the recent financial crisis in the banking
sector from 2007–2009, credit risk mitigation has gained significant importance in the markets. As billions of Euros have
had to be raised to save several banks from bankruptcy by
countries all over the world, institutions like the European
Commission are calling for a stronger general control, especially over derivative markets, via the application of centralized clearing mechanisms. These regulations will heavily
influence European utilities, as the majority of their trades
are still conducted in over-the-counter (OTC) markets without
clearing. These additional clearing cash requirements will increase the working capital requirements for utility companies, independently of the hedging strategies and the traded
volumes.

In another strand of our analysis, we look into the interaction of market-, credit- and margining risk, using the expected shortfall of the cumulated gross margin as an indicator
of the necessary economic capital of a given power plant
portfolio. Comparing a classical linear risk aggregation to
the results of an integrated approach using copulas in cash
restricted environments, we assess the impact of an integrated risk assessment on the trading policy of a German
utility (FCN Working Paper No. 11/2010).

In our analysis we characterize and describe the impacts of
margining on power plants, clustered by different fuel types.
Our study is particularly focused on power plant valuation,
portfolio optimization and portfolio selection problems for
power plants, given liquidity constraints. We give a deeper
understanding of the effects of margining on the cash flow
of power plants, and the resulting risk capital needs (FCN
Working Paper No. 1/2010).
A sub-study explores the impact of margining on financial
costs in comparison to direct management and intentional
acceptance of credit risk. For this purpose we evaluated
the losses due to defaulting business partners given the
interest requirements of the cash reserve cushion for an
assumed margining account. We compare a scenario that
assumes 100% margining with a scenario in which none of
the credit risk is collateralized. We test the robustness of
our model by evaluating sensitivity with respect to commodity prices, partner structure of sales/purchase portfolios,
and the underlying fuel mix (FCN Working Paper No. 13/2010,
revised May 2011).

Fig.: Overview of the applied market model for studing the
impact of margining
Source: FCN Working Paper No. 11/2010
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Communication network formation
This self-funded FCN research consists of contributions to
diverse disciplines dealing with communication network formation. The latest projects explicitly illustrate the relevance
of this topic for energy consumers. Overall, this research is
aimed towards a habilitation thesis exploring the role of
communication network formation in relevant social and
economic contexts and its implications for future research.
Theoretical contributions: Communication network formation with link specificity and value transferability (FCN Working Paper No. 15/2010). We propose a model on strategic
formation of communication networks with the negative
externality of link specificity: the more direct links somebody maintains, the less she can specify her attention per link,
the lower her links’ value, as well as the positive externality
of value transferability via indirect links for informational
but not for social value from communication. We provide
both analytical and simulation results about resulting pairwise stable as well as efficient networks.
Communication network formation with valuation. We extend the previous model by valuation of heterogeneity in
the sense that individuals have different values for their
fellows or have different opinions on the values of their fellows, e.g., there exists an expert in the community. We provide both analytical and simulation results about resulting
pairwise stable as well as efficient networks.
Competitive technology diffusion by endogenously and
strategically formed networks. The diffusion of new technologies among consumers is an important phenomenon
in energy economics, where people can switch regarding
technologies as well as interaction partners. Therefore, we
are developing a game-theoretic model of competitive
technology diffusion where consumers endogenously and
strategically form social interaction networks. We examine
how we can add to the growing economics as well as physics literature on coordination with endogenous network
formation and 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 (FCN Working Paper No.
5/2010). This article provides an experimental investigation
of behavioral effects in individual decisions of network formation. Our findings demonstrate that specific complexity
features of the network setting make individuals’ choices
systematically less payoff-guided and also strongly less socially motivated.
Dynamic social network 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 a
longitudinal case study of the Austrian discussion platform
www.energiesparhaus.at. Specifically, we visualize the dynamics of the communication network among consumers
with respect to a popular subtopic. By adding to the recent
literature on dynamic social network visualization 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.

Fig.: Illustrative visualization of a communication network
forming under game-theoretic specifications
Source: FCN
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FORECASTING TOOL FOR SPOT MARKET TRADING WITH
CONCENTRATING SOLAR POWER (CSP) PLANTS
Forecasts of power production are necessary for the electricity market participation of CSP plants. Deviations from the
production schedule may lead to penalty charges. Therefore,
the accuracy of direct normal irradiance (DNI) forecasts is an
important issue. In this research project, we study the mitigation impact on deviation penalties of an electricity production forecasting tool for the 50 MWel parabolic trough plant
Andasol 3 in Spain.
CSP plants’ advantage relative to wind turbines and photovoltaic cells is the possibility to implement thermal energy
storage systems and to generate dispatchable energy. Still,
the predictability of electricity production from CSP plants
is limited by the forecasting accuracy of DNI. Therefore, they
cannot operate on day-ahead electricity markets without
bearing the risk of paying penalties for deviating from the
scheduled generation, diminishing the expected profit of
the plant and thus reducing the competitiveness of this renewable energy technology.
In Spain, electricity markets are divided in day-ahead and
intraday market sessions, whereas day-ahead market participation requires a power production forecast for the following day. This forecast has to be in an hourly resolution
and must be announced to the market operator before
10 a.m. each day. For a CSP plant, this means that a 38-hour
site-specific weather forecast is required to calculate the
electricity production for market sale by means of a power
plant model. Deviations from the production schedule may
lead to penalties. Therefore, the accuracy of forecasting DNI,
which is a main input factor for the optimization of CSP facilities, is important also from an economic perspective.
Simulating the economic results of forecast utilization for
renewable energy producers has been done mostly for wind
energy. Our study is part of the development of an electricity production forecasting tool for CSP power plants in the

50 to 200 MWel range. Therefore, power plant characteristics
and the production model of the Andasol 3 plant are assumed. Andasol 3 is a 50 MWel parabolic trough power plant
which is combined with a molten salt thermal storage for
7.5 hours of full-load operation. Based on solar irradiance
forecasts this forecasting system is designed for participation in the day-ahead electricity market. We elaborate the
estimated economic profitability of such a forecasting tool.
In particular, the aim is to reveal whether a DNI forecasting
tool would enhance the profitability of operating at the
electricity market by avoiding, or at least reducing, penalty
charges and thus reduce the costs of the CSP technology.

Fig.: Penalty per MWh depending on relative forecasting
error (upper plot), DNI daily sum (lower left plot), and DNI
volatility (lower right plot)
Source: FCN Working Paper No. 12/2011
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THE ECONOMICS OF WAVE POWER
New technologies promise to harness the energy from the
waves of the sea, thereby offering a new, inexhaustible source of energy. The waters around the UK provide enormous
wave potential and about 8 TWh/year could be yet generated from waves by 2020. This makes UK waters one of the
largest offshore wave energy resources worldwide that
could satisfy a significant proportion of the total UK energy
demand. Wave energy has come into the focus of the energy
sector as well as policy makers. Despite of its potential, the
wave energy industry in the UK is still in its infancy.
The aim of this research project is to investigate the economic viability of a hypothetical wave energy project by applying three different investment appraisal criteria: (1) traditional net present value (NPV), (2) expected NPV and (3) real
options analysis (ROA). Traditional NPV is most applicable
when future project cash flows can be forecasted with high
accuracy. A Monte Carlo simulation, used to determine expected NPV, is suitable when the project is exposed to high
uncertainty in its future cash flows. To further approximate
to investment decisions in reality, we apply ROA to determine the project value when the option to take decisions after
the project started is included. The investment appraisal is
applied to a fictional 200 MW wave energy farm that uses
an innovative wave energy technology developed by the
Swedish developer Ocean Harvest Technology (OHT).
Based on cost data for a 100 kW prototype device provided
by OHT, we develop two scenarios and apply the mentioned
investment criteria on both. In scenario 1, the farm is built
using only devices with a rated power of 100 kW. For scenario 2, we scale up the rated power per device to 500 kW,
assuming that the costs develop in accordance to experiences gathered from the wind energy industry. The infancy of
the prototype is taken into account by the consideration of
learning effects applied to initial data. The focus of our research is mainly on (1) the definition of risks that are related
to wave energy projects and the positive or negative impact
they have on forecasted cash flows and (2) the investigation of the influence that flexibility in decision-making has on
the present project value.

All three valuation approaches lead to a positive project value. The traditional NPV approach returns the lowest project
value for both scenarios. Project values increase with the
complexity of the valuation approach. The option to gradually expand installed capacity up to 200 MW, which includes
the flexibility to react on positive or negative developments
of project-relevant parameters, raises the project value
many times over and returns the highest project value for
both scenarios. Obviously, the calculated results strongly depend on the input parameters. This fact has been accounted
for with the help of a sensitivity analysis (cf. Figure). Scenario 2 is more favorable than scenario 1 and the prevailing
support tariff in Scotland is sufficient to make wave energy
projects economically viable and hence an attractive investment opportunity.

Fig.: NPV and Real Options Value in dependence on the
support tariffs per MWh of wave energy generated
Source: FCN/C. Ortlieb (FCN Study Thesis)

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

Research: Project Descriptions

137

THE IMPACT OF ENERGY FACILITY SITING ON PROPERTY
VALUES
In this study we investigate the impacts of energy facilities
on the surrounding area, through property values, by means
of a GIS-based hedonic pricing model. The model will be applied to a wind farm near Rheine in North Rhine-Westphalia
(Germany).
Locational choice or optimal siting is crucial for the success
of a wind farm project, in part because of the associated
visual impact on landscape. The siting decision of wind
farms should involve the valuation of negative externalities
incurred (e.g. view and noise intrusion, property devaluation), apart from the consideration of technical requirements,
economic benefits and spatial aspects. Decreasing social acceptance has become a major and increasingly recognized
issue with regard to the successful implementation of wind
power projects.

The generic character of the model allows its application
to any feature in the landscape, given related spatial and
socio-economic data. Hence, this model is a valuable tool
for strategic management and policy decisions, as relevant
to a power company or in the field of sustainable urban
energy planning. With regard to social acceptance issues,
this hedonic pricing model improves the transparency and
information dissemination with regard to siting processes
through estimation of associated impacts and costs. A wind
farm near the city of Rheine in North Rhine-Westphalia
(Germany) is chosen in order to conduct a pilot application
of the model.

The aim of this project is to quantify negative impacts associated with wind farm sites. In order to quantify these
environmental effects, we examine the specific impacts on
property values through a GIS-based hedonic pricing model.
The hedonic pricing method is most commonly applied to
variations in property prices that reflect the values of local
environmental attributes. For this purpose, we provide a
comprehensive model that includes and controls for many
factors that affect property prices, such as structural variables, socio-economic and demographic variables, accessibility
variables and spatial land use variables. We apply multiple
regression techniques to relate property values to the sets
of variables.
Our hedonic pricing model is underpinned by a Geographical Information System (GIS). Through GIS we can handle
large sets of spatial data and model a Digital Elevation Model (DEM) of the considered area, which allows us to calculate viewsheds for each property in a 3D environment.
Viewsheds provide information about what is visible from
a certain property and what is influencing and determining
the perspective, including heights and slopes as well as
other buildings, trees and other factors. Viewshed modeling
with GIS is a useful tool in order to enhance the estimation
of environmental impacts.

Fig.: Digital Elevation Model and 3D City Model
Source: ESRI (2010), ArcGIS 3D Analyst, http://www.esri.
com/software/arcgis/extensions/3danalyst/3dsymbols.
html
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MERIT ORDER EFFECTS FROM LARGE-SCALE CCS
DEPLOYMENT IN EUROPE
The research reported here is part of a larger research project on the economics of CCS that forms part of the doctoral dissertation of Richard Lohwasser, and in the course of
which several FCN Working Papers and one publication in
the journal Energy Economics have been realized. Currently,
two of the working papers are being revised for resubmission to journals.
Global warming and the long-term stabilization of the CO2
concentration in the atmosphere are prime challenges for
the energy sector. As renewable energy sources, such as
solar- or wind-based technologies, cannot serve as a prime backbone of national power generation portfolios, and
since low-carbon nuclear power generation faces public
acceptance problems in the aftermath of Fukushima, alternatives are needed. Carbon Capture and Storage (CCS) is
seen as a technology that enables to continue fossil-fuelled
power generation, while at the same time contributing to
CO2 mitigation.
Evolving Market Dynamics: Unlike most of today’s technology, the economics of CCS-based power plants have the
special characteristic of low variable costs and high fixed
costs, while still being fairly flexible compared to nuclear
plants. Together with the intermittent production profile
of the large quantities of wind technology coming online
as part of the EU’s 20% target on renewables, we expect
the market dynamics of supply and demand matching and
price setting to change significantly over the next decades.

utilizing available CO2 storage capacities in some of the regions studied. For the largest model region investigated, covering Germany, Austria and Switzerland, we expect 60 GW
of CCS coming online until 2040, also due to nuclear plants
that have been or will be phased-out in the aftermath of
Fukushima.
This large-scale CCS deployments leads to fundamental
changes in the European generation portfolio see Fig.).
Given the early deployment position of CCS plants in the
merit order curve (supply curve), utilization and economic
profitability of non-CCS fossil fuel-based capacity drops dramatically, leading to significant retirements.
This has noticeable implications for utilities with a large share of traditional non-CCS coal and gas-fired power
plants, especially as their options to improve the position
in the merit order curve are limited. Only low fixed cost and
low depreciation peaker capacity remains online, serving
high demand and low renewable production periods. These merit order effects found over the next decades, driven
by CCS and renewables, will further increase the already
existing need for electricity sources that efficiently provide affordable, non-intermittent electricity at low utilization
factors.

However, these characteristics and dynamics are difficult to
capture in typical top-down equilibrium energy models. This
raises a research need, addressed in this project by deploying a new model (HECTOR), which simulates markets of 19
European countries simultaneously with over 400 groups of
power plants at an hourly resolution until 2040.
Effects of Large-Scale CCS Deployment: At high CO2 prices
of above 40 €/t (currently they are at only approx. 10 €/t),
we find that conventional fossil fuel-fired power plants are
replaced both by renewable energy technologies and over
200 GW of CCS capacity by 2040 across Europe, almost fully

Fig.: Merit order curve for the Germany/Austria/Switzerland region
Source: FCN Working Paper No. 6/2009, revised 2011
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Social Acceptance of Energy Technologies
In the context of new power plant projects in Germany, an
increasing lack of social acceptance by the confronted stakeholders is noticeable. Frequently, the projects fail due to the
protests. If social acceptance is considered for the realization
of an economically viable power plant project, an acceptance
factor analysis ought to be conducted.
This research project, focusing on the social acceptance of
large-scale power plants, comprises a case study on E.ON’s
hard-coal-fired power plant Datteln IV. Its aim is to investigate the major factors determining social acceptance and
the possible implications of a lack of acceptance on the economic viability of large-scale power plant projects. Based on
a phenomenological reflection about the formation of social acceptance as a starting point, a contents analysis of the
German daily press gives an overview, paving the ground for
an evaluation of the public conflict as it has been covered
by the print media. In addition, qualitative expert interviews
provide further information about how the acceptance problems are perceived by the stakeholders. The results of the
different methods show the dependency of social acceptance on ecological, economic and social factors.
Acceptance problems regarding large-scale power plant
projects in Germany exist at least since the 1970s. An example is the lack of acceptance of many citizens of the nuclear power plant Kalkar. Among others, due to the existing
acceptance problems, the power plant was completed but
never put into operation, so that the project turned into one
of the largest industrial investment ruins in Germany ever.
In recent years, there are examples for power plant projects,
which failed due to a lack of acceptance even before the
construction was started. A prominent example in this respect is the planned hard-coal power plant Ensdorf. Here, citizen initiatives were established early against power plant
planning and in a survey conducted among Ensfeld citizens
some 70% voted against the project, so that the investor refrained from realizing the project. However, also other coal
power plant projects, such as in Germersheim, Dusseldorf,
Cologne, Berlin and Emden, were not pursued any further
by the investors also due to lack of acceptance problems.

Acceptance problems can be manifold. The direct neighbors, which often perceive a multi-dimensional threat to
their quality of life, usually play an important role. Also,
environmental and nature protection associations play an
increasingly important role in the acceptance process. They
are advocates of the environment and engage in large networks against coal-fired power plants (see e.g. www.kohleprotest.de).
The scientific analysis of the acceptance problem of energy projects is currently predominantly performed with respect to renewable energy technologies (e.g. biomass, wind)
and new energy technologies (e.g. pilot plants for carbon
capture, sequestration and storage, CCS). Regarding acceptance of conventional large-scale power plants, relatively
few scientific publications exist. From an economic perspective the acceptance problem has grown into a major economic risk for project realization. Therefore, the factor acceptance should not be neglected in economic assessments of
new power plants. In order to sufficiently understand and
be able to evaluate the acceptance problem substantial research is needed.

Fig.: Impact of “Datteln IV“ – comparison of the content analysis and the expert interviews
Source: FCN/S. Godolt (FCN Master Thesis)
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ECONOMIC ANALYSIS OF CORROSION
Corrosion is a widely underestimated or even ignored economic burden. According to estimates of national and international organizations, such as the World Corrosion Organization WCO, corrosion damages in developed countries
have been estimated at about 3.1 to 3.5% of GDP. The annual
global costs of corrosion have been estimated to amount
approximately €1.3 to 1.4 billion.
In this research project, we investigate the special characteristics of the market for corrosion protection, the microand macroeconomic perspective to corrosion, and methods
to assess the cost of corrosion. Furthermore, we compile
estimates for the current global damage cost of corrosion
by countries and sectors, enabling a comparative cost analysis. Next, we address the causes of corrosion costs, pointing out the paramount importance of know-how about he
materials used with regard to durability and susceptability
to corrosion, in order to dynamically plan and calculate the
cost of replacement and corrosion protection measures. A
further aspect are costs that are directly caused by materials damaged by corrosion. In this context, severely high damages may arise – e.g. through production failures, collapse
of bridges, environmental disasters of uncalculable extent
(e.g. burst of oil pipelines). The cost of such corroscion damages are sometimes so high that they exceed the value of
the materials used several times.

We perform concrete economic calculations in the form of
case studies for the construction of bridges. To this end, we
first of all compare prices and characteristics of steel types
used in the construction of bridges and then compute their
return on investment regarding the kind of construction
and lifetime. Finally, we perform a sensitivity analysis for
decision-making in the case of indifference regarding new
construction or maintenance of a bridge.
Aside from the economic perspective on damages from corrosion, environmental and health considerations also play
an increasing role. Coating materials and high amounts of
toxic wastes that arise from exchanging corroded parts,
place a high burden on the environment. Especially in aggressive environments, such as coastal areas, the typical
amount of 3.5% of GDP can be considerably exceeded.
Overall, corrosion causes significant macroeconomic damages that, apart from economic and environmental impacts,
also have safety implications. Prevention of corrosion damage is also a technical, cost-saving and resource-saving task
in a national economy and worldwide.

Fig.: Classification of different types of corrosion costs
Source: FCN/K. Kemmerich (FCN Diploma Thesis)
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ECONOMICS OF HIGH-TEMPERATURE NUCLEAR REACTORS
FOR INDUSTRIAL COGENERATION
In this research project we investigate the economic feasibility of providing heat and power to energy-intensive industries
by utility-run high-temperature reactors operated as cogeneration plants that can serve as alternatives to the conventional oil- or gas-fired boilers.
In the context of different climate policy regimes, and increasingly volatile oil and gas prices, it is sometimes very
challenging for energy-intensive industries (such as iron &
steel, refineries, chemicals etc.) to maintain their competitiveness. Therefore, these companies are looking for alternatives to the widely used gas- or oil-fired boilers to produce
the heat energy required for their processes. One promising
possibility is the introduction of nuclear high temperature
cogeneration. As one possible business model, a utility can
supply electricity and process heat services, so that such
energy-intensive companies do neither need to deal themselves with the energy supply system nor to buy CO2 permits.
In addition, the utility can feed any spare electricity into the
grid. To investigate the potential of such an application, this
model-based research project investigates the economics of
high-temperature reactors (HTR) for nuclear cogeneration.

In this project, a business model for HTR cogeneration from
the perspective of a utility is developed and investigated,
following the conceptual framework introduced by Chesborough and Rosenbloom (Industrial and Corporate Change,
2002, 11(3): 529-555). The specific focus of the business model concentrates on the economic evaluation of HTR cogeneration. To this end, we perform a standard discounted
cash flow (DCF) analyses and internal rate of return (IRR)
calculations as a benchmark, topped by a real options analysis (ROA) that is used to value the flexibility the utility has
in its decisions to react to changing market conditions. In
particular, we first determine a price threshold for the investment by valuing the option to delay the investment. In
a second step, the option to switch the power plant’s output from cogeneration to electricity-only mode is valuated.
Subsequently, a sensitivity analysis is performed to determine the key drivers for the investment decision, enabling
the utility to monitor (or even influence) these as closely as
possible.

Fig.: Two-dimensional lognormal probability distribution for different
points in time
Source: FCN/J. Hampe (FCN Diploma Thesis - forthcoming.
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ECONOMIC EVALUATION OF THE “GREAT PACIFIC GARBAGE
PATCH”
In this project, we study the so-called “Great Pacific Garbage
Patch“ (GPGP), an incredibly large and rapidly growing collection of plastic wastes in the North Pacific Ocean from an
environmental economics perspective. In particular, we investigate the causes and consequences/impacts in a systematic manner and critically discuss possible environmental
policies to solve or at least mitigate this huge ocean pollution problem.
First, we describe in detail the phenomenon (location, size,
development etc.) and the large and primarily ecological
problem of the GPGP. Then, we discuss, on the one hand, the
manifold causes and impact mechanisms for the creation
of the GPGP. On the other hand, we investigate the questi-

on how and with what kind of environmental policy instrument mix the problem could be counteracted from an economic perspective. Also, we make an attempt to analyze in
a comparative (and to the extent possible also formal) analysis the most important instruments in environmental economics with respect to their suitability to tackle the GPGP
problem at both the source and at the sink (economically
efficient, ecologically targeted, and in the international context politically feasible). Finally, we present some insights
gained and conclusions that can be drawn from our study.

Fig.: Density distribution of the plastic waste in the North Pacific Ocean (the size of the circles indicates the relative density of a measurement point relative to others)
Source: Day, Shaw, Ignell (1990)
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GREENHOUSE GAS MITIGATION IN CITIES
Countries all over the world face the challenge of drastically
reducing their greenhouse gas (GHG) emissions. The European Union, for instance, recently declared their intention of
an 80% reduction in GHG emission from 1990 levels by 2050.
In the recently adopted twelfth edition of the five-year plan,
China announced a proposed reduction of the economy’s
carbon intensity of 17% per unit of GDP. The shift towards a
low-carbon economy takes decades and requires strategic,
long-term planning. Revealing cost-effective emission reduction measures and ensuring their implementation via policy
measures is one of the major challenges society faces as a
whole.
Cities, as significant sources of carbon emissions, should be
at the forefront of the emission reduction agenda because
they are amongst the most energy-intensive ecosystems.
In 2006, for example, cities accounted for roughly 70% of
worldwide energy-related carbon emissions. In recent years,
scientists and policy-makers alike have realized the importance of cities in global carbon mitigation, a role that is expected to increase with urban population growth.
Economic and technological evaluation methods are necessary in order to assess the GHG mitigation challenges and
possibilities that exist in growing cities with growing energy
demands. In this context, the application of marginal abatement cost curves (MACCs) has become a standard method
to illustrate the supply-side economics of abatement initiatives. MACCs already exist for plant level analyses but also
at the country, regional and sectoral level. Recent literature
fails to consider the special network aspects and interdependencies within cities; also, there is a lack of current and
detailed bottom-up assessments of GHG reduction costs
and opportunities. This research is dedicated to fill part of
this gap.
Buildings account for more than two-thirds of London’s GHG
emissions. In our research we model, bottom-up mitigation
possibilities for building-related energy usage and associated carbon emissions. The investigations are based on a
case study for an eco-town in the United Kingdom, encompassing living space for 6500 people with roughly 480,000

m2 of domestic surface area. All simulations were conducted with the SynCity toolkit, an urban energy model developed in the Energy Futures Lab at Imperial College London.
As system optimization model, SynCity takes all interdependencies between the abatement levers explicitly into
account. Together with the applied bottom-up approach, we
are able to overcome some of the aforementioned shortfalls in recent literature.
Many of the actions required to reduce city-related CO2
emissions (i.e. licensing, land-use planning, zoning, transit
and transportation plans) fall under the jurisdiction of municipal or regional governments. They play a major role for
the achievement of national emission reduction targets.
Policy implications derived from the simulated mitigation
opportunities are potentially useful for policy-makers.
Our research follows certain lead questions. First, we set
the broader context for research on GHG mitigation, reasoning why GHG mitigation is necessary and why such actions
should be concentrated on cities. With the introduction of
MACCs, we are able to provide an evaluation method for
mitigation options. The study ends with a discussion of the
policy implications that arise from the technological GHG
mitigation measures suggested and how policy frameworks
may be implemented for the maximum up-take of the mitigation options revealed.

Fig.: Maintenance strategy without inspections
Source: FCN
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OPTIMAL MAINTENANCE STRATEGY FOR WIND POWER
PLANTS
Wind power is a relatively young but nevertheless rapidly growing source of electricity production. The costs for operations
and maintenance (O&M) of wind turbines make up a significant part of their life-cycle costs, with some potential for
optimization. Maintenance planning can be done by using
qualitative or quantitative methods. However, a comparative
cost-benefit analysis of different maintenance strategies has
to use a quantitative approach. In this research project, we
develop a model for estimating the costs and reliability as a
consequence of the maintenance strategy performed.
The maintenance model developed consists of two major
parts, a wind turbine and a service team. The wind turbine
is modeled as a series connection of important components
which fail according to a stochastic process. The service
team carries out maintenance at the turbine according to
a given set of rules, the maintenance scenario. The model
calculates the costs of the maintenance actions, while the
wind turbine availability, together with power prices and
wind speeds, are used to calculate the revenues from the
turbine. The trade-off between higher maintenance costs
and higher downtimes is evaluated in order to rank the strategies in their order of cost-effectiveness.

Fig. 1: Maintenance strategy without inspections
Source: FCN/B. Kerres (FCN Study Thesis)

As an illustration of the model’s viability, we perform a case
study for a Vestas V44-600kW turbine. Specifically, we use
the results of a reliability-oriented maintenance analysis
of this wind turbine for identifying important components
and deriving possible maintenance scenarios. The wind turbine reliability and maintenance cost model then calculates
income and cost distributions for different maintenance
scenarios with the help of Monte Carlo simulation. Finally,
by comparing different maintenance scenarios for several
wind turbine components, we find that in the V44 case study the components investigated are best serviced by a runto-failure strategy.

Fig. 2: Turbine NPV probability with and without half-yearly
gearbox inspections
Source: FCN/B. Kerres (FCN Study Thesis)
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FUTURE REQUIREMENTS FOR THE ECONOMIC OPTIMIZATION
OF PUMPED-STORAGE POWER PLANTS
The increased use of renewable energy sources for power
generation implies marked changes in the mix of future power generation portfolios also in Germany. As a consequence
of the increasing decoupling between electricity production
and consumption over time and space, it can be foreseen
that the flexibility requirements for controllable and “reserve-able” production and storage units will rise. Likewise, on
the electricity markets the daily and seasonal electricity price
curves in the spot and reserve energy markets can be expected to change accordingly. In this project, we investigate the
future requirements for pumped hydro storage power plants
given the changing framework conditions, and in particular
their cost effectiveness. We compile and contrast alternative
scenarios for the future composition of the power generation portfolios in Germany, taking into account recent developments in energy policy and regulation.
Based on scenario comparison, we determine the most likely scenarios from today’s perspective and show the changes
in the level and volatility of the prices in the spot and reserve power markets. We then determine a daily price curve
for each market that reflects the future portfolio structure.

Subsequently, based on the derived daily price curves, we
first discuss qualitatively the various requirements for the
economic optimization of pumped-storage hydro power
plants. Next, by means of the simulation program POT (of
RWE), we determine the basic design parameters (e.g. storage volume, installed capacity, extended water volume)
and operating characteristics (e.g. operating hours, load
factor) for a specific real-world power plant project where
the goal is profit maximization.
On the basis of the future daily price curve and by using the
developed simulation model for the case of the power plant
project, we perform an investigation of the consequences
on the total revenues and the partial revenues from producing (by pumping) and holding reserve power. Furthermore,
the influence of a changed revenue structure on the profitability of the pumped storage hydro project is estimated.
Finally, we undertake a sensitivity analysis for determining
the influences of changes in both technical and economic
parameters on the economic viability of the pump storage
facility.

Fig.: Residual load patters 2010 and 2030
Source: FCN/A. Vieten (FCN Bachelor Thesis)
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Economics of Deep Geothermal Power Plants and
District Heating
In this research project we evaluate a geothermal heat and
power plant from an economic perspective. To this end, we
have to identify the most important factors influencing the
profitability of such a plant. The valuation itself is done with
a real options approach. While the basic real options model
developed treats the electricity price as a stochastic variable,
an extended version then allows to also incorporating the
uncertainty in the heat price. The robustness of the results
is checked by means of a sensitivity analysis for various parameters.
The renewable energies used today are mainly solar, wind,
hydro, biomass and geothermal. Wind and solar energy in
particular are very volatile, so that power production suffers
from daily and seasonal fluctuations. In contrast, geothermal
power is available constantly, irrespective of the daytime or
season. Due to the typically relatively low installed capacity of geothermal plants, as compared to fossil or nuclear
power plants, these are mainly suited for the decentralized
supply of smaller communities or city quarters. In combination with district heating the operation of such a plant can
be profitable even in case of low levels of subsidies (if necessary at all). Also, due to the expected cost increases both
for fossil fuels and CO2 permits, in the long run geothermal
heat and power plants will become more cost-competitive
against conventional heat and power plants (FCN Working
Paper No. 21/2011). In Switzerland, for example, after the decision to phase out nuclear power, energy providers envisa-

ge to replace four of the existing nuclear power plants until
2050 by geothermal power plants.
In light of new policy instruments for promoting renewables that reduce the investor’s risk markedly, these receive
more and more attention, lately also from the side of financial institutions that have come up with positive assessments. A recent study of Deutsche Bank judges geothermal
energy to be advantageous both from a business economic
and macroeconomic perspective, and estimates that the investment volume over the next twenty years could be up to
€ 25 billion.
Aside from the advantages of geothermal energy supply
mentioned, it also suffers from disadvantages compared to
fossil and other renewable energy sources to provide electricity. Whereas for instance photovoltaic systems can be
installed turnkey ready, and conventional power plants be
planned up to smallest details before construction starts,
geothermal plants require large upfront investments that
are subject to high financial risk due to resource uncertainties. By means of suitable promotion policy instruments or
market-based services, such as insurance coverage, the ‚finding risk’ and thus the related investor’s aversion to invest
can be mitigated markedly. Other promotion instruments,
such as guaranteed feed-in tariffs or capital grants, are suited to raise the profitability of geothermal heat and power
plants significantly.

Fig.: NPV and option values for the example of CHP plant No. 2
Source: FCN Working Paper No. 21/2011
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Influence of Eco-Labeling on Private Household’s
Automobile Adoption
Energy labels serve to better inform energy consumers
about environmentally relevant product characteristics, and
thus to make them more ‘visible’ to them. The question arises, however, how relevant such a label actually is for the
purchase decision of a consumer about a certain product.
In this research, the influence of energy labels for private
vehicles on the purchase decision is investigated. The research is motivated by current developments in European
environmental policy to mitigate transport sector CO2 emissions by means of emission standards, and in particular the
introduction of an energy label for automobiles in Germany
(Pkw-EnVKV) to foster the achievement of these standards
in automobile transport.
Apart from the EU energy label for automobiles, car manufacturers have a number of possibilities to stress certain
energy and environmental characteristics of their products
in their marketing efforts. To this end, firms have increasingly made use of a special form of labels in recent years,
so called “Öko-Signets“. Öko-Signets are used in the automobile industry to advertize fuel-efficient, environmentally
friendly cars and such equipped with special technologies.
In empirical research, despite the growing number of ÖkoSignets, so far little research has dealt with their relevance
for the consumers. This research also investigats the relative importance of this special kind of label for potential car
adopters.
In order to analyze consumers‘ preferences with regard
to these environment- and energy-related characteristics
(EU energy label, Öko-Signet) of a product, it is important
to consider these in relation to other attributes (e.g. brand
name, price). In doing so, differences between the various
consumer groups or market segments need to be studied
as well. The approach adopted in this research is similar to
that in Sammer/Wüstenhagen (Bus. Strat. Env. 15, 185–199,
2006; Zeitschrift für angewandte Umweltforschung 18(1):
61-78, 2007), in which the preferences of the Swiss population with regard to certain washing machines and automobiles, respectively, are empirically studied in detail. Sammer/
Wüstenhagen study the influence of the (obligatory) Swiss
energy label for different durable goods used in the private

households on consumers, and show that these labels contribute significantly to raising the consumers‘ willingness to
pay.
The approach adopted in our research is to consider a simulated automobile purchase decision, and to use a so-called
ratings-based approach, where preferences of consumers
are measured in an internet-based survey, and subsequently statistically evaluated. The respondents in the survey indicate on a predefined scale how important individual attributes of a product are to them. Our approach differs from
that adopted in Sammer/Wüstenhagen mainly with respect
to the type of questioning and the methodology used (ratings-based conjoint analysis). The ratings-based approach
is a combination of conjoint analysis methods, which is generally well-suited for studying consumer preferences and
for doing statistical evaluation by means of linear regression analysis. The development of the questionnaire used in
our study is documented in order to make the intentions behind the questions used to scrutinize certain aspects more
transparent.

Fig.: The German Eco-Label for automobiles
Source: BMWi
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Post-2012: Opportunities and Barriers for
Foreign Companies in the Russian Market (by
M. Garbuzova, R. Madlener),
• Homeowners’ Preferences for Adopting Residential Heating Systems: A Discrete Choice Analysis for Germany (by C. Michelsen, R. Madlener).
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Rebound effects in German Residential Heating: Do
Ownership and Income Matter? (co-authored by
R.Madlener and M. Hauertmann),
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Investment in new power generation under uncertainty: benefits of CHP vs condensing plants in a
copula-based analysis (co-authored by G. Westner
and R. Madlener).
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German Institute of Economic Research in Berlin
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Preface
2011 has been a year of both consolidation and restart:
Large projects came to an end and follow-ups were proposed and granted. While still enjoying our current new
offices and laboratories in 2011 we moved already into the
“final” building of our center by the end of November. In
particular for us at the Institute for Applied Geophysics
and Geothermal Energy (GGE) at the E.ON ERC, this provides another substantial upgrade in infrastructure. As
change in staff is the rule rather than the exception in
academia, we welcomed new members this year and bid
farewell to those who left to 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 (http://www.idealeague.org/geophysics) which is implemented jointly with
the IDEA-League partner universities TU Delft and ETH
Zürich. The German-Language RWTH Aachen B.Sc./M.Sc.
programs Georesources Management and Applied Geosciences enjoy great popularity. This is documented by 794
and 412 applications for the fall term 2010/2011, competing for only 48 and 45 openings, respectively, in these two
inscription-restricted B.Sc. programs. The enrollments in
the corresponding M.Sc. programs are 30 and 29, respectively. Equally popular, the Joint IDEA-League Master program in Applied Geophysics welcomed 34 students for the
period 2011-2013 selected among over 100 applicants.
Within 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 a proposal was submitted
for a simulation lab on “High-Performance Scientific Computing in Terrestrial Systems‘ (HPSC TerrSys)“ in cooperation with the “Jülich-Aachen Research Alliance” (JARA),
a core-measure of RWTH Aachen University’s excellence
program. Within this “Sim-Lab”, GGE will enjoy privileged
access to the super-computing environment in Jülich and
Aachen.
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In its research, GGE contributes to two of the E.ON ERC’s
R&D priorities, (1) Heat and Power Plants and (2) Buildings
and City Quarters, by research projects in the fields of (i)
Carbon Capture and Storage (CCS), (ii) Geothermal Power,
and (iii) Geo-thermal Heating, Cooling, and Air Conditioning. Research funds for these projects were granted by
the German Science Foundation, Federal Government, and
national as well as international industry partners. In 2011,
GGE researchers were involved in 25 oral and 46 poster
presentations in national and international conferences in
which these research activities communicated. They were
also documented in 10 peer reviewed contributions to international journals and monographs; 2 final reports of
large research projects in the ERC Report Series. Additionally, a total of 11 theses were prepared under GGE supervision: 2 doctoral dissertations, 7 M.Sc. or diploma theses
and 4 B.Sc. theses.
During this year, five research projects came to a successful end, among them four major ones concerned with (a)
Tight gas reservoirs (a cooperative project at RWTH Aachen
University funded by Wintershall AG); (b) the “CO2 Seals”
project on cap rock and overburden processes in geological CO2 storage (funded by the German Federal Ministry
of Education and Research, BMBF); (c) the “Transregional
Collaborative Research Centre 32 on “Patterns in Soil-Vegetation-Atmosphere-Systems”; (d) the MeProRisk-Project in
which the approach for exploring, developing and operating geothermal reservoirs was refined. Three new major
projects could be started in 2011 concerned with (i) the
second four-year phase of the “Transregional Collaborative Research Centre 32 on “Patterns in Soil-VegetationAtmosphere-Systems”; (ii) “Exergetically optimized supply
of heating and cooling for a building based on dynamic
control system and flexible integration of a completely
monitored array of ground coupled borehole heat exchangers” (jointly with EBC; funded by the German Federal
Ministry of Economics and Technology, BMWi); (iii) “Development of a tool for layout and design of engineered
geothermal fracture systems“ (jointly with the institutes

for “Geotechnics in Civil Engineering” and “Computational
Analysis of Technical Systems” at RWTH Aachen) funded by
the German Federal Ministry of the Environment, Natural
Protection and Reactor Safety, BMU. Also at this agency,
a follow-up proposal was submitted for a fourth major
collaborative research project, MeProRisk-II, in which the
refined approach for exploring, developing and operating
geothermal reservoirs developed in Phase I of MeProRisk
will be applied to commercial geothermal projects pursued by ENEL and CNR in Italy, and the University of Western Australia.
After having coordinated and brought to a successful end
our geothermal joint project MeProRisk, senior researcher
Dr. habil. Gabriele Marquart spent a creative leave of absence at the University of Hawaii. Before that, she led the
preparation of the follow-up project MeProRisk-II which is
granted and expected to start by the beginning of 2012. We
hope it will be coordinated again by Dr. Marquart. Irrespective of this, she will continue to support us as a lecturer. After completion of her project within “CO2 Seals” Dipl.-Geol.
Ines Rick left GGE to go into maternity – we wish her a
well progressing pregnancy and successful deliverance of
the baby near the end of this year! After five years during
which he successfully obtained his doctoral degree, Dr. Ali
Naderi Beni left us for a post-doctoral position at the University of Texas in Austin where he will continue to work
on geological sequestration of carbon dioxide. During this
reporting period, Dipl.-Geoökol. Johanna Smazcny also left
GGE looking for new challenges. Finally, after having successfully finished her training as Mathematical-Technical

Software Engineer (MATSE), Natalia Günther, B.Sc., has enrolled in a program at Fachhochschule Jülich for obtaining
a master’s degree in Scientific Computing.
While we wish all those leaving us best success in their
future endeavors we are happy to welcome our new colleagues: Dr. Karen Willbrand who will coordinate our newly started project on generating fractures for Engineered
Geothermal Systems systems; Dipl.-Phys. Alexander Michalski who will monitor and analyze the ground coupled
heat pump array for our new ERC building; Dipl.-Geophys.
Firas Alali who will strengthen our expertise in Impedance
Spectroscopy on reservoir rocks; Justus Schwan, our new
trainee in Mathematical-Technical Software Engineering
(MATSE). We also welcome new lecturers joined our team
to cover special topics in our teaching: Dr. Sabrina HaberPohlmeier from RWTH Aachen University (Nuclear Magnetic Resonance), Dr. Darius Mottaghy from Geophysica
Beratungsgesellschaft mbH, Aachen (Geothermal Energy),
and Dr. Ernst Niederleithinger from Federal Institute for
Materials Research and Testing (BAM) in Berlin (Engineering Geophysics).
The change in staff and the associated inevitable shortterm vacancies sometimes stretched the resources of our
few permanent staff to the limit. Therefore, at the end of
an eventful and exciting year I express my sincere appreciation to all individual members of staff who contributed their energy and enthusiasm to our joint efforts and
achievements!

CONTACT
Univ.-Prof. Dr. rer. nat. Christoph Clauser
Director GGE
Mathieustraße
Main Building
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: Christoph Clauser, Rainer Schütt, Ute Kreutz, Annick Fehr, Lothar Ahrensmeier, Karen Willbrand, Oliver
Mohnke, Sandra Krause, Heinz Triebe, Henrik Büsing, Ali Naderi Beni, Norbert Klitzsch, Christian Vogt, Alexander Michalski,
Firas Alali, Michal Culicki, Jan Volkmann, Frank Bosch
Not pictured: : Justus Schwan, Natalia Günther, Gabriele Marquart, Rachel Jorand, Jaouad Doghmi, Ines Rick, Johanna
Smaczney
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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.

spectral Gamma radiation (K, U, Th) of rocks, for borehole
diameter and shape, and for fluid salinity, temperature,
and pressure.

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.

•

seismic velocity – 24 channel seismic instrument;

•

DC resistivity instrument (for up to 100 electrodes);

•

resistivity – high-speed resistivity system with capacitive coupling;

•

frequency-dependent complex electrical resistivity –
20 channel IS (impedance spectroscopy) instrument;

•

nuclear magnetic resonance and relaxation (for inferring water content and pore size distribution) – SNMR
(surface nuclear magnetic resonance) instrument;

•

magnetic field intensity – magnetometer;

•

magnetic susceptibility.

A wide range of technical laboratory equipment is available for measurements of physical properties on rock
samples (partially under elevated pressure and temperature) and for the corresponding sample preparation.
Properties studied comprise: density, porosity, permeability, thermal conductivity, specific heat capacity, electrical
resistivity, ultrasonic velocity, NMR (nuclear magnetic
resonance), IS (impedance spectroscopy), magnetic susceptibility, and natural Gamma radiation. Please see the
following website for details of our laboratory (and field
geophysics) equipment:
www.eonerc.rwth-aachen.de/ca/c/sww/?lang=en

For measurements at the Earth’s surface, equipment is
available at GGE for:

For visualization of 3D reservoir models, GGE uses the rear
projection system IMSYS Flip 3D with optical tracking for
virtual reality display.

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

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 (until WT 2010/11),
Dr. Frank Bosch, and Dr. Norbert Klitzsch. By offering teaching contracts to Dr. Sabina Haber-Pohlmeier (Macromolecular Chemistry, RWTH Aachen) and Dr. Ernst Niederleithinger
(BAM Federal Institute for Materials Research and Testing),
GGE could enlarge the scope of teaching particular in the
IDEA League Joint Master in Applied Geophysics program.
Further support in GGE teaching is provided by Prof. Jan
van der Kruk (Lehr- und Forschungsgebiet Hydrogeophysics,
RWTH/ Research Center Jülich).
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 In 2011
both B.Sc. amd M.Sc. programs received their re-accreditation and have been evaluated extremely well from both, the
accreditation commission and the students. Admission faces
100 % capacity in 2010 and 2011. 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 (AGP,
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, 26 in 2010 and 35 inscriptions in 2011.
The change from block courses to the regular RWTH term system in 2010, consequently shows in 2011 the benefit for both
groups of master students, RWTH-AGW and IDEA-AGP, 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 2011 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 2010/2011
tItle

lecturer

de

en

Einführung in die Geophysik

Dr. Frank Bosch

+

L2, E2, Tut4

Grundlagen der angewandten Geophysik I
(Seismik, Gravimetrie)

Prof. Dr. Christoph Clauser
Dr. Nobert Klitzsch

+

L4, E2

Offenes Diplomanden- und Doktoranden-Seminar

Dr. Frank Bosch

+

Anleitung zum selbstständigen wissenschaftlichen
Arbeiten

Prof. Dr. Christoph Clauser

+

+

sppW

S2
Tut2

Summer Term 2011
tItle

lecturer

de

en

sppW

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

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

+

L4, E2

Angewandte Geothermik

Prof. Dr. Christoph Clauser

+

L2, E2

Scientific Reading And Writing (STRAW)

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

+

+

L/E2

Offenes Geophysik-Seminar

Dr. Frank Bosch

+

+

S2

Anleitung zum selbstständigen wissenschaftlichen
Arbeiten

Prof. Dr. Christoph Clauser

+

Tut2

Erkundungsmethoden der Geophysik, Hydrogeologie
und Ingenieurgeologie

Dr. Frank Bosch
Dr. Tomás M. Fernández-Steeger
Dr. Norbert Klitzsch
Dipl.-Geol. Paul Miessner
Prof. Dr. Thomas R. Rüde
Prof. Dr. Jan van der Kruk

+

FE2

Ergänzende Geländeübung zur VL
Angewandte Geothermik

Dr. Frank Bosch
Prof. Dr. Christoph Clauser

+

Exc2
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Winter Term 2011/2012
tItle

lecturer

de

en

Einführung in die Geophysik

Dr. Frank Bosch

+

L2, E2, Tut4

Grundlagen der angewandten Geophysik I
(Seismik, Gravimetrie)

Prof. Dr. Christoph Clauser
Dr. Nobert Klitzsch

+

L4, E2

Offenes Geophysik-Seminar

Dr. Frank Bosch

+

Anleitung zum selbstständigen wissenschaftlichen
Arbeiten

Prof. Dr. Christoph Clauser

+

+

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
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tItle

lecturer

Strömungs- und Transportmodellierung (AGW)

Dr. Roland Blaschek

+

L2, E2, Tut4

Projektarbeit Numerische Modellierung (AGW)

Dr. Roland Blaschek
Dipl.-Geol. Thomas Demmel

+

L/E2

Petrophysics (AGP + AGW)

Dr. Frank Bosch
Dr. Bernd Krooß

+

+

L2/E2

Geophysical Logging and Loginterpretation
(AGP + AGW)

Dr. Frank Bosch
Dr. Renate Pechnig

+

+

L2/E2

Geothermics (AGP)

Prof. Dr. Christoph Clauser

+

L2/E2

Geophysics Special Methods: NMR and SIP (AGP)

Dr. Sabina Haber-Pohlmeier
Dr. Norbert Klitzsch

+

L1/E1
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de

en

sppW

Summer Term 2011
tItle

lecturer

Angewandte Geothermik (AGW)

Prof. Dr. Christoph Clauser

de

en

+

sppW
L2/E2

Winter Term 2011/2012
tItle

lecturer

Petrophysics (AGW)

de

en

sppW

Dr. Frank Bosch
Dr. Bernd Krooß
Dipl. Phys. Annick Fehr

+

L2/E2

Geophysical Logging and Loginterpretation
(AGP + AGW)

Dr. Frank Bosch
Dr. Renate Pechnig
Dipl. Phys. Annick Fehr

+

L2/E2

Geothermics (AGP)

Prof. Dr. Christoph Clauser
Dr. Darius Mottaghy
Dipl. Phys. Christian Vogt

+

L2/E2

Geophysics Special Methods: SIP (AGP)

Dr. Sabina Haber-Pohlmeier

+

L1/E1

Geophysics Special Methods: NMR (AGP)

Dr. Norbert Klitzsch

+

L1/E1

Engineering Geophysics (AGP)

Dr. Ernst Niederleithinger

+

L1/E1

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
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Courses
COURSES AT BACHELOR LEVEL
Introduction to Geophysics
Dr. Frank Bosch, Prof. Dr. Christoph Clauser
Introduction to Geophysics is a basic course for B.Sc. students of Applied Geosciences (2nd year) and Georesources
Management (3rd year). During one semester, it introduces
to the physics of the Earth and addresses the following
subjects in particular: radioactive dating of rocks; seismology; earthquakes and Earth‘s natural oscillations; Earth‘s
magnetic field and its variations through time; gravity and
figure of the Earth; thermal regime of the Earth. Students
deepen their understanding obtained in lectures by exercises and tutorials on the physical basics, the application
and interpretation of the different methods.
Fundamentals of Applied Geophysics I and II
Dr. Frank Bosch, Prof. Dr. Christoph Clauser, Dr. Norbert
Klitzsch, Prof. Dr. Jan van der Kruk (Hydrogeophysics, 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).
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techniques for geothermal prospecting; thermophysical
rock properties; thermal signatures of various transient
and steady-state heat transfer processes; quantifying flow
from its thermal signature; types of geothermal resources;
assessment of geothermal potential and evaluation of corresponding heat mining techniques; design calculations for
heat mining installations.
Scientific Reading and Writing (STRAW)
Prof. Dr. Christoph Clauser (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, Dipl.-Geol. Paul Miessner). 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.

Applied Geothermics
Prof. Dr. Christoph Clauser, Dipl.-Phys. Christian Vogt

Geothermics Field Trips
Dr. Frank Bosch, 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

During summer term of 2011, 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 South Germany, France and
Switzerland. Students obtained insight in the application of

Courses

different techniques for using geothermal energy for heating and the production of electricity.

COURSES AT MASTER LEVEL
1. M.Sc. Angewandte Geowissenschaften (AGW)
2. IDEA League Joint M.Sc. in Applied Geophysics (AGP)
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)

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 (AGP)
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.
Since WT 2011/ 2012, this course is split into two separate
courses dealing with NMR (Dr. Sabina Haber-Pohlmeier) and
SIP (Dr. Norbert Klitzsch) with 2 SPPW each to give more
weight to the two topics.
Geophysical Logging and Log Interpretation (AGW/ AGP)
Dr. Frank Bosch, Dr. Renate Pechnig, Dipl.-Phys. Annick Fehr

Geothermics (AGW/ AGP)
Prof. Dr. Christoph Clauser, Dr. Darius Mottaghy, Dipl.-Phys.
Christian Vogt

The course consists of two parts: The first part focuses on
the physical principles of the different borehole measurements, and their petrophysical and geological interpretation, in particular: basics of data acquisition; data processing and quality control; wireline and LWD techniques;
principles of conventional measurements (gamma, neutron,
density, sonic, resistivity); principles of special measurements (Image logs, NMR); log interpretation techniques,
e. g. rock identification, sequence analysis, fluid and hydrocarbon identification, cross-plot and overlay techniques; basics of core-log integration, link to laboratory petrophysics,
and geochemistry; basics of petrophysical interpretations
with respect to, e. g. porosity, saturation, permeability.

The course offers a balanced and comprehensive treatment
of geothermal methods. It comprises both (i) the basics

The second part comprises practical examination in well
log data acquisition followed by data processing and inter-

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.

Courses
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pretation, in particular: practice in slim hole logging; onsite
training (unit mobilization, tool calibration and data acquisition); data editing and quality control (borehole corrections,
depth matching, splicing); integration of logs with information from core or cuttings from the measured well; interpretation of the recorded data and preparation of a report.
Petrophysics (AGW/ AGP)
Dr. Frank Bosch, Dipl.-Phys. Annick Fehr, 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.

The course, newly offered since WT 2011/12, addresses
and provides special knowledge on near surface geophysical methods required for solving engineering problems.
It offers the capability to choose and apply appropriate
geophysical methods for different typical engineering
geophysical tasks either solely or in combination in an
efficient and effective manner. This course provides
guidance driven by examples from geotechnics (subsoil
investigation, landslides, levees), civil engineering (investigation of buildings and foundations) and environmental
problems (localisation and assessment of contaminated
material). Furthermore, knowledge in setting up measurement concepts and how to explain these to clients is
provides and some instruments used in civil engineering
are shown for hands-on experience.

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.

THESES
B.Sc. Theses

Since WT 2011/12, the course is only offered to AGW
students. AGP students will be taught in Petrophysics at
Technical University of Delft. This change guarantees to
keep high quality education at lab facilities in small working groups and became necessary due to the increase in
number of students, which exceeds the lab capabilities at
GGE by far. This change clearly demonstrates the benefits
of a master program performed by three leading European universities in cooperation by combining and sharing
resources.
Engineering Geophysics (AGP)
Dr. Ernst Niederleithinger (BAM Federal Institute for materials Research and Testing, Berlin)
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Budny, Christoph. 2011. Permeabilitäten von Rotliegend und
Buntsandstein an der südlichen Nordsee.
Frigge, Jannis. 2011. Der Einfluss fluvialer Sedimente auf die
Effizienz geothermischer Reservoire.
Strunden, Josy. 2011. Radiomagnetotellurik auf einer Altbergbau Verdachtsfläche.
Widera, Andre. 2011. Schätzung heterogener Wärmeleitfähigkeiten im geothermischen Reservoir aus Temperaturdaten mit dem Ensemble Kalman Filter.

M.Sc. Theses
Briceno Yanez, Angel. 2011. Joint interpretation of StarTrak
and MagTrak data.
Mueller, Moritz. 2011. Rotliegend Reservoir Characterization
from Seismic Signal Analysis.
Schmidt, Dennis. 2011. Reinterpretation of nuclear magnetic
measurements from the Mittelplate wells and evaluation of
fluid saturations.
Selvaraj, Elavarasan. 2011. Analysis of depth correction algorithms for logging-while-drilling measurements.
Storandt, Sebastian. 2011. Geophysikalische Prospektion
archäologischer Stätten im Orchon Tal, Mongolei.
Diploma Theses
Rohbogner, Gregor Michael. 2011. Meta Device Profiles for
interoperable Control of Micro-CHP units in an Agent Based
Smart Grid.
Willberg, Malte. 2011. Geophysikalische Methoden zur
Erkundung erzhaltiger Abraumhalden.
PhD Theses
Naderi Beni, Ali. 2011. Multi-phase, multi-species reactive
transport modeling as a tool for system analysis in geological carbon dioxide storage.
Wolf, Andreas. 2011. Ein Softwarekonzept zur hierarchischen
Parallelisierung von stochastischen und deterministischen
Inversionsproblemen auf modernen ccNUMA-Plattformen
unter Nutzung automatischer Programmtransformation.

Courses
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NUMERICAL ANALYSIS FOR CHARACTERISATION 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.

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 Engineering Science
(AICES). The change of the electrical response in sign and
magnitude near the source site arise out of an upstreaming flow path. Numerical simulations for CO2 applications
yield 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.

Therefore, a sample is coated by Teflon, over the top and
bottom side a fluid with salt content is pumped through
the rock with fixed flow rates. At both sides flow-induced
pressure and voltage are measured (Fig 1). The measured
magnitudes depend on flow- rate, salinity of the fluid, and
temperature. As first result, we discover that the observed
voltage signal is very low (in order of magnitude of µV to
mV). We test also different electrode materials with consideration of electrode-effect between fluid and electrode.
Using self-constructed non-polarizable electrodes, we see
linear relation between flow ratio and streaming potential.
The numerical simulation results of single-phase flow
using saline water and changing pressure steps are in
good agreement with analytical solutions. In order to
validate our modeling approach, we performed a small

Fig.: Sketch of the measured variables Flow and pump-rate,
pressure-difference before and after the rock-sampel and
the Streaming potential

Contact
Heinz Triebe
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Research: Project Descriptions

T +49(0)241 80 49903
F +49(0)241 80 49889
htriebe@eonerc.rwth-aachen.de

Impedance Spectroscopy (IS) for Assessing the
Wetting Conditions of Reservoir Rocks
Motivation

Experimental Studies

Reservoir rocks can be oil or water wet, i.e. the rock matrix
can be in contact with oil or water in natural oil reservoirs.
The wettability of rocks influences reservoir properties like
relative permeability (e.g. of the oil phase) and residual oil
(or water) saturation essentially. Accordingly, the knowledge of wettability is crucial for reservoir management and
for reservoir capacity prediction. In this project we study
whether Impedance Spectroscopy (IS) or combined measurements of IS and NMR relaxometry may be an appropriate
method for determining wettability.

In step 1, IS and NMR properties of artificial samples with
selected pore/grain sizes and known chemical composition are studied for different wetting conditions as an experimental reference model system. In step 2, we study
reservoir rock samples with preserved wetting conditions
(provided by Wintershall Holding GmbH). Afterwards, the
wetting conditions of these samples will be manipulated to
allow additional measurements in a water wet sample state. A combination of 4-electrode and 2-electrode impedance
spectrometers makes a wide frequency range from 1 mHz
to 10 MHz experimentally accessible.

Impedance Spectroscopy and Wettability
Conclusion and Outlook
Due to surface charges at the mineral surface an electrical double layer (EDL) develops at the interface between
in the pore fluid and the inner surface of porous rocks. This
EDL can cause several forms of polarization, if an electric
current is applied to a rock sample. Using IS, i.e. an analysis
of the frequency dependence of resistivity and phase shift,
it is possible to study these polarization mechanisms. This
approach is promising since the IS properties depend on
the electrochemical characteristics of the inner surface of
rocks which control the wettability as well.
Numerical Simulation
Numerical simulation of charge carrier dynamics in rock
pore systems shall help to a) understand the relevant polarization mechanisms, b) quantify the influence of rock microstructure as well as fluid conductivity on IS spectra and
c) distinguish these influences from the expected wettability effects. We use a frequency dependent Nernst-PlanckPoisson system of equations to model the ion transport in
the pore space and implement an EDL at the rock/water
interface by assuming a reduced cation mobility close to
the rock surface. The simulations are carried out using COMSOL Multiphysics.

Both the numerical simulation and the experimental studies are used to provide quantitative information about the
decisive petrophysical parameters which influence IS (and
NMR) signals. The resulting relations shall be used to
(1)
(2)

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

Such a “wettability tool” can be used at the laboratory as
well as in boreholes for direct measurement of wettability
and monitoring, e.g. of enhanced oil recovery (EOR) measures.
This project is funded by DGMK (Deutsche Wissenschaftliche Gesellschaft für Erdöl, Erdgas und Kohle e.V.).
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Development of a Design Tool for Hot-Dry-Rock
Fracture Systems
The Hot-Dry-Rock (HDR) technology has great potential for
large-scale conversion of geothermal energy into electric
energy. Pressurized water is used to fracture hot rock at
depth of about 3-5 km in order to create an engineered underground heat exchanger. For producing geothermal heat,
cold water is injected down to the fractured hot rock and
heated up while passing through. Brought back to the surface it is used to drive a steam power plant.
Yet the engineering of this heat exchanger needs to be developed to the point where the outcome can be predicted
within specified uncertainty, and the technology remains to
be proven viable on a commercial scale. Technological and
financial risk evaluation is needed.
In the current project we aim to (1) improve the understanding of the process of fracture formation and (2) develop
a numerical lay-out tool for the design of the underground
heat exchanger which is verified against results from largescale laboratory experiments. On a long-term perspective,
the software tool will help to quantify and reduce the risks
of insufficient flow rates and induced seismicity and help to
optimize production performance.
The project is done in collaboration with two other departments of the RWTH Aachen University: the Institute of
Geotechnical Engineering (experimental setup) and the Institute for Computational Analysis of Technical Systems (numerical modeling). Coordination as well as ultrasonic image
assessment of fracture length and direction fall within the
remit of the Institute of Applied Geophysics and Geothermal Energy. The three-year project is financed by the Federal
Ministry for the Environment, Nature Conservation and Nuclear Safety. We are nearing the end of the first year. Numerical strategies are set, a 2D version implemented and the
experimental setup ready to be built.

Fig.: Hot-Dry-Rock Technology
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Integrated Ocean Drilling Program, IODP
Abstract: As part of the European Petrophysics Consortium
(EPC), GGE contributes to the Integrated Ocean Drilling Program (IODP) by providing staff and technical equipment for
marine expeditions and performing petrophysical lab analysis of rock samples drilled during IODP expeditions.
IODP is an international marine research drilling program
dedicated to globally explore Earth’s geological history
and structure of the crust by monitoring and sampling sub
seafloor environments. The EPC comprises the Department
of Geology at University of Leicester (UK) (coordinator), the
Department of Geoscience at University of Montpellier (F)
and the GGE at RWTH Aachen University (D). EPC carries out
all geophysical logging and petrophysical activities for the
European Science Operator (ESO) 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).

GGE staff is attending the monthly video-conferences organised by the Expedition Project Management at Texas A&M
University and the organisation meetings organised by ESO
(ECORD Science Operator). One GGE scientist is preparing
to sail as Logging Staff Scientist in IODP Expedition 342
“Paleogene Newfoundland Sediment Drifts” from June to
August 2012.
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.: Liftboat Kayd during IODP Expedition 313 “New Jersey Shallow Shelf” in 2009
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Modelling Multiphase Flow and CO2 Storage
The in-house SHEMAT code for simulation of flow, species
and heat transport, and geochemical fluid rock reactions is
generalized to include multiphase gas flow, for the simulation of CO2 storage and geothermal applications.
The geological storage of CO2 is one of the methods being
considered by scientists and engineers all over the world
to reduce the emission of CO2 into the atmosphere. Deep
saline aquifers provide a promising option for storage possibilities.
Since the evaluation of a geological reservoir by means of
on-site investigations is prohibitively costly, numerical simulations play an important role to gain insight in the subsurface system. In the last year we implemented a two-phase
flow model based on the fully coupled formulation into the
SHEMAT-Suite code.
The two nonlinear coupled partial differential equations are
solved simultaneously. Since stability of the method is our
main concern, we use a fully implicit Euler scheme for the
time discretization. The Box-method, a finite element, finite
volume, dual grid approach is used as space discretization.
Hyperbolic contributions in the equations are taken into account by means of an upwind scheme. The resulting system
of nonlinear algebraic equations is linearized with Newton’s

Fig. 1: Saturation distribution after 20 days of injection with
0.05 kg/s in a depth of 1000 m.

method. Exact Jacobians are obtained elegantly by automatic differentiation (AD), a source code transformation giving
exact derivatives, and thus avoiding numerical errors in this
step. The linearized system is solved with an iterative method, BiCGStab, with an ILU0 preconditioning. The iterative
solver uses the SHEMAT-suite parallelization with OpenMP.
The implemented module is able to simulate three-dimensional, immiscible, two-phase flow, adapting the formalism
of SHEMAT-Suite’s input files.
On the way to the simulation of miscible two-phase flow,
taking into account the dissolution of CO2 in brine and vice
versa, we implemented concepts to calculate the amount of
dissolved CO2 and water in the respective phases. A direct
calculation is performed which avoids the necessity of iterations. Formulations to calculate fluid properties, like density
and viscosity, have been investigated and high precision
formulations will be used.
Providing this extra module SHEMAT-Suite allows the calculation of multiphase and multiphase-multicomponent flow,
supporting researchers in the evaluation of geological sites
during CO2 sequestration scenarios.
This project is funded by a research grant from the E.ON
Energy Research Center.

Fig. 2: Amount of dissolved CO2 in brine with varying pressure and salinity.
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Interpretation of NMR Measurements on Tight
Gas Rocks
In the tight gas initiative five geoscience institutes of RWTH
Aachen University supported by Wintershall Holding AG work
jointly to improve exploration and management of tight gas
reservoirs. In our sub-project the applicability of the nuclear
magnetic resonance (NMR) method for deducing fluid saturations and fluid transport properties is studied

tion) of tight gas rocks. Thus, we studied Rotliegend sandstones and Buntsandstein samples from a North Sea natural
reservoir and carry out pore scale simulations to establish
a link between NMR and transport properties of rocks reservoirs.
All together the project comprises three phases:
(1)
(2)

Unconventional reservoirs, characterized by a much lower
permeability than conventional reservoirs and therefore
mostly ignored a decade before, nowadays make up an increasingly large percentage of the total gas supply. As technology and geological knowledge have advanced these reservoirs become more economical.
NMR relaxation measurements on rocks and in boreholes
are used for a fast and non-destructive determination of
porosity as well as estimation of pore-size distribution and
permeability. Unfortunately, the standard interpretation
applies only to conventional reservoir rocks at full water
saturation. We account for the specifics of unconventional
reservoirs for the NMR interpretation intending to deduce gas and water content as well as absolute and relative
permeability (permeability of a fluid phase at partial satura-

(3)

petrophysical sample characterization,
measurement of desaturation curves (pressure
dependent saturation) and corresponding NMR
properties,
numerical simulation of the pressure dependent
water distribution and NMR relaxation to estimate
absolute and relative permeability.

While the project approaches the end we have been focusing on pore scale simulations. We have developed a method to deduce pore size distribution from NMR measurements assuming pores with triangular cross-sections. From
these distributions, we calculate the absolute permeability;
simulate the water distribution during drainage or imbibition and the relative permeability (see fig.)

Fig.: Workflow/approach of the GGE tight gas sub-project
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Micro-scale simulations of NMR and SIP signatures
of partially saturated soils and their upscaling to
laboratory and field scale
The information provided by joint NMR and SIP measurements on partially saturated soils is used to derive direct
relations between soil structure and flow processes leading
to improved estimations of multi-phase flow model parameters.
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, or electrical impedance spectroscopy EIS)
and nuclear magnetic resonance (NMR) are sensitive to the
inner surfaces of the water filled pore space of soils and
rocks and can thus be linked to the (hydraulic) permeability. During this second project phase we aim at a method

to characterize water content, inner surface and transport
properties of partially saturated soils based on joint SIP and
NMR measure-ments. To attain this goal we have developed
joint numerical micro-scale models for multi-phase flow
and NMR/SIP signatures. To up-scale our simulations to the
continuum-scale these micro-scale models will be implemented in a pore-network model for multi-phase flow, NMR
and SIP signatures.
This project is embedded within the framework of the Transregional Collaborative Research Centre 32 (SFB TR32, www.
tr32.de) - Patterns in Soil-Vegetation-Atmosphere Systems:
monitoring, modelling and data assimilation

Fig.: a) Micro-CT scan of a soil sample and 2D section of wetting and non-wetting phases at 11 % saturation. b) Deduced
3D pore space with simulated drainage (air phase: blue iso-surface) using lattice Boltzmann methods. c) Simulated NMR
data (top) and T1 decay time distributions for saturation degrees ranging from 11 % to100 %
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Optimised heating and cooling of the E.ON ERC
building by dynamic control of the borehole heat
exchanger field
The challenge in modern construction is to reduce energy
and heating costs by using exergetic energy use in a lowtemperature regime. The object of interest in this project is
the new building of E.ON Energy Research Center (E.ON ERC)
which hosts the two Institutes GGE and EBC involved in this
research project. The aim of GGE in this project is to establish
a 3-D subsurface model for the long-term prediction of geothermal-energy use. The project is funded by BMWi (German
Federal Ministry of Economics and Technology).
The interaction of different low-temperature sources is used
for heating and cooling of this building. Besides the emitted
heat which is produced by server rooms and regenerative
energy from sun collectors, geothermal temperature gradient from underground will be used to regulate the building
temperature. Hence a borehole heat exchanger field of 40
probes (of 100 m depth) is installed around the E.ON ERC
building. Every single heat exchanger is driven by a fluid
(ethylene-glycol) for heating or cooling the concrete floor,
respectively. As the heat exchanger are divided in 3 separated divisions the operation can by managed individually
according to the different parts of the building (offices, laboratories and conference rooms).

surements and long term monitoring of temperature field
behaviour.
A further exploratory focus will be set on geoelectric-field
measurements and data interpretation. The specific resistivity depends on parameters like porosity, saturation, fluids
conductivity and temperature. While those dependencies
are well studied and understood, verification of calculated
temperature is quite a great problem. Combining both techniques provides the opportunity of testing known models
and upgrading them, respectively.
In conclusion the different measurement systems allow
elaborating the effective parameter set for long term
prognosis in order to minimize error sources and to reduce
expenditure of time. Hence a 3-D-subsurfase model of
underground behaviour and temperature field will be established for further geothermal application in construction.

Due to the immense cost for the installation of such a borehole heat exchanger field a strict prognosis of field dimensioning, expected energy output and long term behaviour
of the stressed underground are previously demanded and
necessary.
Such predictions can be achieved by modelling the underground temperature field using geophysical, lithographical
and hydrological data. Borehole information and laboratory
measurements are one adequate appliance for acquiring
these parameters in present status.
As an outstanding feature of this project a Distributed Temperature Sensing (DTS) system is installed. Depending on
Raman scattering of light injected into optical fibres, temperature can be measured precisely and in-depth resolved.
Such temperature sensitive optical cables are installed in
the boreholes of the heat exchangers enabling in-situ mea-

Fig.: Simulated temperature field of a single borehole heat
exchanger with (right fig.) and without groundwater flow
(left fig.).
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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.

pressure plot for samples of Rotliegendes or Buntsandstein). Beside further development we measure rock properties with this
facility for ongoing projects.

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.

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

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.
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.
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.

Fig.: Specific ultrasonic compressional wave velocity of
Obernkirchener sandstone saturated with water measured
at elevated confining pressures. Velocity increases with increasing pressure due to closing of microcracks. No elevated pore pressure result in curves as plotted with triangles during increasing and rhombs at decreasing confining
pressure. Black dots are values with elevated constant pore
pressure. Pore pressure acts contrary to confining pressure
(grey dots = confining minus pore pressure).

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
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Probing (GESEP) meeting at Münster (D).

14-16

Fehr and Bosch attend the German IODP/ICDP
Colloquium in Münster (D).
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01/31 02/02

Clauser participates at the Thirty-Sixth Workshop
on Geothermal Reservoir Engineering Stanford
University, Stanford, California.
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Preface
Dear friends,
I am happy to present to you the fourth annual report of the
Institute for Power Generation and Storage Systems (PGS)
at E.ON ERC.
At the start of 2011, the main research topics of E.ON ERC
were more clearly defined into four different fields. PGS is
working mainly on the topic “Grids and Storage”. Research
at PGS on grids focuses on grid structures, power flow control and stability, power conversion and storage systems,
and components for ac and dc grids, particularly in the medium-voltage range. Converter topologies and high-power
semiconductor devices for dc-dc converters are currently
important topics. In our cleanroom, we work on novel thyristor-based turn-off semiconductors that are easy to control
and have very low conduction losses. In the storage group,
under guidance of colleague Prof. Dirk Uwe Sauer, we work
on stationary storage systems, with a focus on high-power
battery storage systems that can also provide ancillary grid
services.
In the past year, I was invited by several companies and interest groups to present our view on the state of technology
for more flexible energy supply systems. This shows that the
question on how future energy supply systems (with more
decentralized power generation and renewable power sources) should be realized in a safe, sustainable and cost-effective way is of increasing importance and also of increasing
interest to the public. The research we are conducting at
PGS is working directly towards these goals.
Since November 2011, we moved to the new E.ON ERC Main
Building. The PGS move into this new building was flawlessly prepared by our Central Offices and was accomplished
just in one day. We are grateful to all who supported our
move, in particular our IT group, led by Andreas Gubernat,
because the following day we were able to start work in our
new, fully functional offices. The Main Building offers space
for more assistants and students - space that was urgently
needed as PGS keeps growing. In 2011, we obtained the
final approval to purchase the laboratory equipment for the
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student and electronic laboratories at the Main Building.
All equipment is scheduled to arrive in the beginning of February 2012. We hope to be fully operational by the second
quarter of 2012.
In 2011, Stephan Thomas, after completing his work on the
medium voltage battery test facility (the HERMES project,
i.e. an E.ON International Research Initiative project), left
the institute to join AixControl GmbH, a spin-off company of
ISEA, RWTH, in Aachen. Also Michael Bragard, who submitted his thesis on IETO devices (a DFG supported project in
cooperation with ISEA), has left PGS to find an interesting
job in industry. We wish them both all the best and are looking forward to their PhD defenses, which are scheduled in
2012. After finishing their diploma theses, M.Sc. Hafiz Abu
Bakar Siddique and M.Sc. Garikoitz Sarriegui joined PGS as
research assistants in July 2011. Last November, M.Sc. Rizqy
Nurhan Averous also started as researcher at PGS. All three
joined the Energy Conversion Systems group. For the PGS
Cleanroom, Violetta Ostrowski has joined PGS in September
as laboratory assistant. She will assist work for the semiconductor device laboratory and the manufacturing of thyristor-based semiconductors. We also prepared and submitted a number of proposals on high-power and high-energy
stationary storage systems, including new infrastructure, so
we expect to significantly increase activities in the storage
systems group in 2012.
Within the IECP framework, two researchers from the Future Renewable Electric Energy Delivery and Management
(FREEDM) Center, N.C., USA visited us for several months in
2011. Zhang Wang and Edward van Brunt came in mid-2011
and worked with us on our high-power semiconductor research on different aspects of the Dual GCT.
In October 2011, we had a kick-off meeting to start an industry cooperation consortium on medium-voltage dc grids.
The concept for this MVDC Consortium originated in a joint
research project by ACS and PGS, funded by the gGmbH of
E.ON ERC. In this project, layout and stability of a dc grid lin-

king several high-power RWTH test facilities in the campus
area were analyzed. At the consortium kick-off meeting, all
main companies working with high-power energy conversion systems, cables and components for dc technologies
were brought together to jointly work on medium-voltage
dc grids. This can be considered a milestone in electrical
energy research at the center.
In mid-2011 PGS also obtained the approval to install a
high-power 5 MW test bench for high-speed drives and
power electronic converters. The funding is part of the initial equipment grant of the German Federal Government
and the State of North Rhine Westphalia for the center. In
the second half of 2011, we simulated and coordinated the
technical specifications so that we will be ready to sign the
contract for equipment delivery and installation in January
2012. The test bench is scheduled to be operational in the
beginning of 2013. This laboratory will be linked to the realtime simulators of the Institute for Automation of Complex
Power Systems (ACS) to provide Hardware-in-the-Loop test
capability with up to five MVA for dc and ac components.
I would like to thank all PGS assistants and students working on the research projects for their enthusiasm and continued efforts. Also I want to thank Chief Eng. Dr. Hanno
Stagge for his support with coordinating new research projects and managing ongoing projects. Ms. Alexa Erckens I
would like to thank for her secretarial support. Furthermore,
we are indebted to all E.ON ERC Central Offices, i.e. Administrative Offices, the IT group, the Mechanical and Electrical Workshop for their support in all our endeavors. In this
respect, I would like to thank Dr. Sabine Vogel for advising

and coordinating the many administrative and professional
activities and duties within the center and in relation with
RWTH Central Offices. Indeed, 2011 was an extremely busy
year due to the move and the tremendous job of acquiring
all equipment, including furniture, etc. And finally, I would
like to thank all our industry partners, in particular E.ON AG,
for their continued support in joint research projects at PGS.
In the year 2012, besides new research projects, PGS will
focus on the establishment of the medium-voltage dc consortium and also apply for public funding for the support of
our research on the electric grid of the future. I am pleased
to see that at the moment more and more politicians and
interest groups recognize that the classical ac electric grid
will become a major bottleneck for further integration of renewable energy sources. This is a great opportunity for continuing research in this field, but also there is high pressure
on us to provide cost-effective solutions to make the goals
of renewable power generation and CO2 reduction possible.
I wish everybody working at PGS, all our friends and industry partners all the best for 2012.
Aachen, January 2012
Rik W. De Doncker
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Univ.-Prof. Dr. ir. Dr. h. c. Rik W. De Doncker
Director PGS
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52074 Aachen
Germany
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F +49 (0)241 80 49949
post_pgs@eonerc.rwth-aachen.de

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

T +49 (0)241 80 96977
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TEchnical equipment
Cleanroom Center

High-Power Semiconductor Test Bench

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 allows the cleaning of semiconductor wafers by
chemical etching processes. In the lithography laboratory
an exposure machine from Süß is used to realize microscopic structures. A diffusion furnace from Centrotherm enables the realization of deep diffusions. 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.
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.

PGS offers a test bench for the characterization of highpower semiconductors. With the current configuration, the
test bench operates with currents of up to 5 kA and at voltages of up to 12 kV.
The double-pulse test bench allows the characterization
of the switching, conducting and blocking behavior during
soft-switching and hard-switching conditions, respectively.
Moreover, all experiments can be carried out at temperatures
ranging from -10 °C to +150 °C. 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.

Fig. 2: High-power semiconductor test bench

Fig. 1: The sputtering system
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465 kW Test Bench for High-Power PV Inverters
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.
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.
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. This 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 as the PV simulator.
The ripple current in the output is minimized by adopting
an interleaved PWM technique.

High-Power Test Bench for Electrical Machines and Power
Converters
In mid-2011 PGS has received confirmation to erect a highpower test bench with a power rating of 5 MW for Electrical
Machines with a rotating speed of up to 15,000 rpm and for
power electronic converters. By the end of the year 2011 PGS
has detailed all the technical requirements and been into
contact with the company GE Energy (formerly Converteam
GmbH) to construct the test bench in the PGS test hall. The
contract is scheduled to be signed in January 2012 and the
delivery of the test bench is planned for the start of 2013.
The layout of the test bench is shown in the figure. The generator, the gearbox and the inverter for the generator will
be installed. The gearbox will have three output shafts to
provide different rotating speeds for the machines to be
tested. With the test bench also dc-dc converters and inverters can be tested in other configurations without the
mechanical part.

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.
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.

Fig. 3: Scheme of the high-power test bench for electrical
machines and power converters
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Bachelor theses
Karl Oberdieck
Vergleich verschiedener Topologien für ein modulares Mittelspannungs-Energiespeichersystem im MW-Bereich
Keijo Jacobs
Simulation und Entwicklung von Siliziumdioden
Murat Kaymak
Entwicklung eines Packages für einen Dual-GCT
Jakob Teichrib
Implementierung einer Temperatursteuerung und Blockierversuch in den Prüfstand für Thyristor-basierte Bauelemente
Marius Mechlinski
Entwurf eines Mittelfrequenz-Transformators für den Einsatz in einem galvanisch getrennten DC-DC-Wandler

Diploma theses
Christian Ronge
Hardwarenahe Optimierung des internen Aufbaus von
Hochleistungsbauelementen mit integrierter Treiberstufe
Burga Turan
Entwicklung eines Prüfstandes für Thyristor-basierte Bauelemente

Yunzheng Chen
DC-gespeister Hochleistungs-Induktionsmotor: Simulation
der Regelung und Analyse der Auswirkungen auf das speisende Netz
Korbinian Kaltenecker
Entwicklung einer integrierten Amplifying-Gate-Struktur für
SiC-Thyristoren
Johannes Voss
Spannungs- und Leistungsflussregelung in Gleichspannungsnetzen
Kui Chen
Entwicklung einer FPGA-basierten Schnittstellenkarte für
Regelungs- und Steuerungsaufgaben

MASTER THESES
Sheraz Shamin
Analysis of a Modular Multilevel Converter for DC Grids
Hafiz Abu Bakar Siddique
Untersuchung, Entwurf und Implementierung einer Regelung für einen Hochleistungs-DC/DC Wandler
Subhadeep Bhattacharya
Influence of Distributed Storage Systems on the Integration
of Renewable Energies in the Distribution Grid

Jurij Schneider
Auslegung eines „Multi-Level Cascaded Cell Converters“ für
Batteriespeichersysteme hoher Leistung

Asier Iceta
Simulation and Design of a Dual-GCT

Florian Vancun
Design and Development of a Multilevel Resonant Converter with Wide Output Voltage Range

Abdulkerim Ugur
Design of a Control Hardware for an Auxiliary Resonant
Commutated Pole Dual-Active Bridge Converter

Andreas Peters
Modellbildung und dynamische Simulation einer doppeltgespeisten Asynchronmaschine für Multi-Megawatt-Windenergieanlagen
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Operating Behavior of Onshore Wind Energy
Converters
Institutes of the mechanical and the electrical faculties of
RWTH Aachen University work together with industry part
ners in the Center for Wind Drives. One prospect is to deve
lop a test bench for multi-megawatt wind energy converters.
In a joint research project funded by the Hightech.NRW-Pro
gram RWTH Aachen University cooperates with several com
panies from the wind power industry. The research project
accompanies the acquisition of the test bench and is divided
into four work packages.

The scope of WP2 is the development of certification procedures under laboratory conditions where certain operating
points can be reached without depending on weather conditions, since the wind is simulated by an electrical machine.

The project partners involved in WP1 work on the modification of an existing test bench of the Institute for Machine
Elements and Machine Design to allow first experiments
with an 850-kW wind energy converter. The device under
test (DUT) will be the nacelle of a V52 from Vestas. An asynchronous motor simulates the mechanical torque. Furthermore, forces on the nacelle and drive-train are simulated by
a hydraulic system. The electrical output of the wind energy
converter is connected to a grid simulator. This allows the
recuperation of the generated energy as well as the simulation of grid failures to investigate the DUT’s behavior in
this case.

WP4 pursues the objective of increasing the economic efficiency of wind energy converters by alternative drive-train
concepts and flexible grid structures. The different components of a wind energy converter will be analyzed and
evaluated. From the electrical perspective, power electronic
converters for different voltage and power levels are investigated and compared to find the best overall drive-train
concept for multi-megawatt wind turbines from a technical
and an economic point of view. The grid connection is also
a part of the investigation. Furthermore, the integration of
energy storage systems into an individual wind turbine is in
the scope of work.

In WP3 PGS is working on condition monitoring for power electronic converters. The results of these investigations
shall allow a condition-based operation and maintenance
of wind turbines.

Fig.: Illustration of the test bench for wind energy converters: The arrangement of the asynchronous motor and the hydraulic system simulating the wind has to be adapted to the nacelle’s inclination of 6°. (Source: IME, RWTH Aachen
University)
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Analysis and Improvement of a Large PhotoVoltaic
(PV) Grid-Connected System
The depleting fossil fuel reserves have expedited an exhaus
tive search for renewable energy resources. Solar energy is
probably the most abundantly available green natural re
source. In the past, however, this did not attract much atten
tion mainly because of high system costs.
The purpose of this project is to carry out a thorough analysis of a grid-connected large PV farm as shown in the figure.
The system consists of several strings of series-connected
PV panels terminating at the respective inverter. A corresponding transformer steps up the ac output of each inverter to medium-voltage to be connected to a MV grid.

The analysis of the system involves transient and steadystate performance analysis, investigation of fault scenarios
and efficiency analysis. The real-life issues of temperature
and irradiation variation and shading effects are modelled
in a simulation tool that is specialized for these situations.
The data for the panels’ electrical power output generated
is then fed into the analytical tool to carry out the aforementioned detailed analysis. Based on this analysis, the areas, components and/or schemes are identified that cause
lower system efficiency.
The final stage of the project aims at the evaluation of improvements strategies to optimize the system performance.

Fig.: Electrical layout of PV-farm
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Evaluation of the Series Connection of thyristors
Thyristors are widely used in 50 Hz power converter appli
cations due to their high current and voltage capabilities.
Nevertheless, in medium-voltage applications series connec
ted semiconductors must be used in order to not exceed the
safe operating area (SOA). In this research project, a series
connection of high power thyristors will be tested in diffe
rent voltage, current and temperature ranges.
One of the key components in the series connection is the
RC-Snubber. It is located in parallel to the thyristor in order
to balance static and dynamic voltages over the device and
not to exceed the maximum allowed reverse voltage. Additionally, as the snubber circuits store energy while the capacitor is being charged, they contribute to the overall turn-off
losses. Therefore, different RC-Snubbers must be considered
to optimize these losses.
To verify the proper dynamic balancing, three thyristors together with their snubbers will be mounted in a stack and

two tests will be realized: turn-on and turn-off tests. The
circuit for the turn-off test is shown in the figure. The tests
will be carried out with the High-Power Semiconductor Test
Bench (PAGE 180) that will be modified for these tests .
Finally, an over-current test will be carried out. Thyristor
semiconductors are well known for their ability to withstand
very high current pulses. Nevertheless, according to the
datasheets provided by the manufacturers, thyristors could
lose their reverse-voltage blocking capability temporarily
in certain cases, such as consecutive high current pulses.
This information is given in relation to the number of pulses
(50 Hz half wave signal) and the pulse amplitude.
Therefore, a test will be performed to analyze the behavior
of the thyristor after these events. A number of high-current
pulses will be created and the blocking capability of the
thyristors will be measured.

Fig.: Turn-off test for thyristors with RC-snubber and balancing resistor

CONTACT
M.Sc. Garikoitz Sarriegui

202

Research: Project Descriptions

T +49 (0)241 80 49955
F +49 (0)241 80 49949
gsarriegui@eonerc.rwth-aachen.de

Design of a Direct Current Grid for the RWTH Campus Melaten
Medium-voltage (MV) direct current (dc) distribution sys
tems based on voltage-source converter (VSC) technology
offer several advantages when compared to conventional
alternating current (ac) power systems. In addition to incre
ased flexibility (control of active and reactive power, blackstart capability, etc.) MVDC systems may have higher effici
encies than ac systems in a number of applications. These
include the grid integration of renewable energy sources
(wind power, large-scale PV) as well as industrial grids and
on-board electricity supply, e.g. for aircrafts and ships. Howe
ver, VSC-based multi-terminal MVDC grids have not yet been
constructed so far. Therefore, a project at E.ON ERC shall take
a first step towards the realization of such a system and ini
tiate the required standardization work in this field.
As part of the project a medium-voltage dc grid topology
was analyzed that connects several megawatt-size test benches which will be constructed at the new campus Melaten
site of RWTH Aachen University. The grid supplies three test

benches with power ratings between 1 MW and 5.5 MW
and is fed from a local 20 kV ac distribution network. The
integration of a battery energy storage system is envisaged
as well. All sources and loads of the systems are interfaced
to a common bipolar dc bus (operated at ±5 kV) through
voltage source converters. The connection of all converters
is realized with cross-linked polyethylene (XLPE) cables. Distances between single converter stations are of the order
of some 100 meters. The overall length of all cables amounts
to more than 4 km. With the aid of numerical simulations
control of the dc voltage in this grid was analyzed under
different operating conditions. Furthermore, the emission
of magnetic fields originating from the dc cables was calculated, to ensure that all relevant exposure limits are met.
This research project was financed by E.ON ERC gGmbH and
was carried out in collaboration with the Institute for Automation of Complex Power Systems.

Fig.: Single-line diagram of the MVDC grid with ring bus structure
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Real-Time Wind Farm Simulator – Hardware Development
At 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). Fi
nally, all hardware components are ready to be put together
for a first simulation run.
The Institute for Power Generation and Storage Systems
(PGS) of the E.ON Energy Research Center (ERC) is developing a real-time simulation platform in collaboration with
the Institute for Automation of Complex Power Systems
(ACS). This platform features an open and modular design
which allows third-party suppliers to integrate their products as hardware-in-the-loop (HIL) for testing and characterization.

The lower part of the picture shows a scaled-down version of the final backplane. Integrated in a desktop case, the
system will house two Processor Boards and two Interface
Boards and allows cluster simulation or back-to-back hardware-in-the-loop testing. A debug channel to a PC is included to ease software development.
This research project is financed by E.ON ERC gGmbH.

In 2011 the hardware design of the printed circuit boards
(PCB) was finalized. The PCBs are being finished to test the
self-developed real-time simulation platform at E.ON ERC.
The picture shows the Processor Board on the right-hand
side which calculates up to 3.6 billion floating-point operations per second. The backplane connection offers multiple
communication channels, one of which is used as cluster
communication channel allowing data rates of up to 3.2
GBit/s. Paired with a high performance programmable logic
device (FPGA) for high-speed communication, the board is
ready for cluster integration.
On the left-hand side, the Interface Board is shown which
offers 16 digital I/O channels, 8 analog inputs and 8 analog
outputs. Analog inputs are able to sample 50 million times
per second to keep sampling latency very low. The analog
output channels are capable of generating up to 2.7 million samples per second. Controlled by an FPGA to match
the high-speed communication interface to the Processor
Board, the Interface Board is ready to provide very low-latency high-bandwidth I/O for hardware-in-the-loop.

Fig.: Interface Board (left), Processor Board (right), Backplane Board (bottom)
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5 MW DC-DC Converter Demonstrator
Medium-voltage dc-dc converters enable the realization of
flexible and efficient dc grid infrastructures. A research pro
ject carried out at E.ON Energy Research Center of RWTH
Aachen University (E.ON ERC) investigates the feasibility of
converters in the megawatt range.
Due to the growing energy demand and the increasing integration of renewable energy sources, the efficient distribution of that energy becomes one of the major challenges of
future power engineering. The dc output of many renewable energy sources and storage systems motivates the push
for dc transmission and dc collector grids. Medium-voltage
dc-dc converters are the key enabling technology to establish efficient and flexible dc grids.
A prototype of a galvanically isolated dc-dc converter in
the megawatt power range is being built at the “Institute
for Power Generation and Storage Systems” at E.ON ERC.
The topology of the demonstrator is the dual-active bridge,
which features bidirectional power-flow and inherent softswitching capability.

The medium-frequency transformer is one of the main devices of the converter. Due to an operating frequency in
the kilohertz range, the transformer is reduced in size and
weight compared to its 50-Hz counterpart. Particularly in
offshore applications this allows a substantial saving in
cost. Furthermore, the core losses can be lowered due to the
increased frequency. As the power density of the transformer increases, the loss characteristic in windings and core
is one of the main research topics.
As mentioned before the dual-active bridge inherently provides soft-switching of the semiconductor switches. Medium-voltage IGCTs provide very low conduction losses and
are therefore most promising for this converter topology.
The performance of these devices under soft-switching conditions is another research aspect of this prototype.
The converter is currently under construction. The converter
will be put into operation in single-phase operating mode in
the beginning of 2012.

Fig.: Construction of 5 MW dc-dc converter demonstrator
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The Integrated Emitter Turn-Off Thyristor (IETO) –
An Innovative High-Power Device
Thyristor-based devices are widely-used in high-power con
verters. Their low on-state losses make them an attractive
counterpart to IGBTs. The goal of a DFG-funded project is
to overcome the drawbacks of today’s IGCT devices by de
veloping a new integrated ETO-structure. Several prototypes
have been created and their parameters were characterized.
In this project a new thyristor-based high-power semiconductor device was developed and successfully tested. The
experimentally reached performance by far exceeds the
state-of-the-art. A high-power wafer which is rated for 520
A turn-off current in standard Integrated Gate Commutated
Thyristor (IGCT) configuration has been successfully tested
with the new Integrated Emitter Turn-Off (IETO) configuration at 1400 A.
In addition to this considerable increase in turn-off current
an inherent current monitoring was implemented and used
to identify short-circuit conditions and other possible faults.
The size of the driver board could be significantly reduced
from an A4 paper to about credit card size. Also the con-

Fig. 1: Electrical concept

cept allows for a cable connection between semiconductor press-pack and driver circuit. This is favorable, because
it mechanically and thermally decouples driver and semiconductor, especially in applications with a high number of
thermal cycles or high vibrations (e.g. railway applications).
The power consumption of the driver could also be reduced
from 30 W per power semiconductor to fewer than 5 W.
Examples for applications are in particular future high-power dc-dc converters. The increasing installation and higher
power capability of offshore wind parks requires a highly efficient and reliable power transmission between wind park
and coast. High voltage direct current transmission (HVDC)
is the optimum solution for medium to long distances. For
this application thyristor-based semiconductor devices can
increase efficiency and provide higher reliability than the
today used IGBT technology.
The project was funded by the German Research Foundation (DFG).

Fig. 2: Realized IETO prototype with driver
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Dual-GCT
The Dual-GCT is a thyristor-based power semiconductor de
vice that unites the advantages of a conduction- and a swit
ching-optimized GCT. For this purpose two separate GCTs
are arranged in parallel onto one single wafer, both inde
pendently controllable with a specialized gate drive unit. The
gate-triggering is executed in a certain sequence, resulting
in low losses of the Dual-GCT compared to a standard GCT.
To minimize stray inductances and thus have short reaction
times and lower capacitance values in the driver, the gate
drive unit has been integrated into the press-pack. All connections had to be kept as short as possible, to provide a
high gate-current peak, resulting in a fast turn-off. Additionally thermal and mechanical stress had to be considered,
leading to a completely new concept of the drive unit. The
combination of the semiconductor, the drive unit and the
press-pack is called Dual-ICT.

Fig. 1: Press-pack with integrated gate drive unit

Switching optimization of the Dual-GCT is performed by
irradiating the wafer with protons and electrons, thus reducing its carrier lifetime. The impact of this process on the
Dual-GCT is put to the test by the fabrication of silicon power diodes. They are manufactured with equivalent material
properties and doping depths to maintain comparability.
Furthermore, measurement equipment for the carrier
lifetime and a test-bench for the Dual-ICT and other
power semiconductor devices are being developed. The
long-term aim is to be able to fully manufacture and test
thyristor-based power semiconductor devices at the PGSCleanroom.

Fig. 2: Manufactured wafer with four power diodes
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Exchange with FREEDM-Center USA
FREEDM (Future Renewable Electric Energy Delivery and Management), like E.ON ERC, is engaged in smart-grid related re
search, with an end goal of producing a 1MW demonstration "green hub" loop microgrid system with intelligent power flow
control provided by solid-state transformers.
Zhan Wang is a graduate research assistant in Florida State
University. He has visited the Institute for Power Generation
and Storage Systems for 10 weeks during summer 2011.
In the research project in Aachen, a new Gate Driver Unit
(GDU) for a Dual-GCT is developed (see page 180). Two single GCTs are placed on a common wafer and the minimum
power loss of the Dual-GCT can be realized with an intelligent gate-signal sequence.
The Gate Driver Unit for Dual-GCT consists of two independent gate driver circuits to control two GCTs, and each one
has turn-on unit, turn-off unit and shared turn-off capacitors
and charging circuit. Compared to the previous GDU, both
turn-on and turn-off capacitors and MOSFETs are moved
into a custom-designed press-pack housing, which means
that a high peak current can be reached with very small
capacitors due to the low connection inductance. The voltage monitoring unit is also modified using an analog-digitalconverter so that it is more flexible for the CPLD logic unit
to optimize the trigger time according to the anode to cathode voltage drop. Finally, the GDU board size is reduced by
40% compared to the previous version.

Fig. 1: Revised Gate Drive Unit for the Dual-GCT

Edward van Brunt is a graduate research assistant in North
Carolina State University. He has visited the Institute for
Power Generation and Storage Systems for 12 weeks during
summer 2011.
This project verified the scalability of the Dual-GCT with both
current and voltage rating, taking into account the quantitative effects of the Safe Operating Area (SOA). A method
was developed to determine the optimal parameters for a
Dual-GCT for device classes between 3.3kV and 6.5kV. The
method was applied to data collected from finite element
simulations, as well as published datasheet specifications
for commercially available GCTs. The analysis showed that
although SOA is a limiting factor in Dual-GCT design, the
Dual-GCT can achieve a 54% improvement in current density vs. a standard GCT design if optimal devices are available,
or a 16.6% improvement if commercially available processes
are used. The results indicate that a Dual-GCT can be made
for the 3.3kV class that operates economical with 74A/cm²
for a 1kHz DAB converter.

Fig. 2: Example solution surface for Dual-GCT device optimization
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Dezember 2011
09

Johannes Voss receives the ABB-Award for the
Diploma Thesis “Spannungs- und Leistungsflussregelung in Gleichspannungsnetzen“ he carried out
at PGS.

November 2011
21

PGS moves to the new main building.

16

Prof. De Doncker gives a presentation on “Zukunftsvisionen der Energieversorgung” at Rotary
Club Aachen.

11

Prof. De Doncker gives a presentation on “Energieversorgung der Zukunft” at the RWTH Wissenschaftsnacht.

October 2011
20-21

At E.ON ERC ACS and PGS hold a start-up meeting
to found an MVDC Consortium with a number of
industry partners working on medium-voltage
direct current grids of the future.

10

Prof. De Doncker together with Prof. Monti and
Prof. Ponci gives a tutorial on “Future Energy Grids:
Automation and Monitoring Challenges” at the
INTELEC 2011 in Amsterdam.

01-09

Joint excursion of ISEA and PGS to companies and
research centers in Poland, Denmark and Northern
Germany.

September 2011
30-01

Stefan Engel, Marco Stieneker and Jon San Sebastian attend EPE’11 ECCE Europe Conference in
Birmingham to give presentations.

August 2011
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04

Hanno Stagge gives a presentation in the Summer School of „Werkzeugmaschinenlabor RWTH“
with the topic „Megatrend Energie“.

25-26

Prof. De Doncker gives a presentation on “HighPower Semiconductors for Multi-Terminal
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Medium-Voltage DC Systems” at the “KoreanischDeutsches Symposium Leistungselektronik” at TU
Munich.
July 2011
26-28

PGS conducts a strategy meeting and works
outing together with ISEA.

07

Mr. Gassmann of the newspaper „Financial Times
Deutschland“ conducts an interview with Prof.
De Doncker.

05-06

Prof. De Doncker gives a presentation “Cleaner and
Better Energy – Technological and System
Challenges” at the E.ON International Research
Initiative in Birmingham.

01

M.Sc. Garikoitz Sarriegui and M.Sc. Hafiz Abu
Bakar Siddique join PGS as new research assistants.

June 2011
24

Prof. De Doncker gives a presentation on “Smart
Grids und Speicher” for the Federal Minister for
the Environment, Nature Conservation and
Nuclear Safety Dr. Norbert Röttgen at WZL RWTH
Aachen.

21

Hanno Stagge participates at the conference
„Ende des Moratoriums - Beginn der Energiewende“ in the „Institut für Klimaschutz, Energie
und Mobilität IKEM“ in Berlin

15

Hanno Stagge gives a presentation in the senior
citizen study program of RWTH Aachen University
with the topic „Energieversorgung heute und in
Zukunft“.

09

Prof. De Doncker together with Dr. Franz Alt gives a
presentation on “Technologien für die zukünftige
Energieversorgung: Smart Grids und Speicher” at
HDI Gerling Versicherung.

12-13

A delegation of Riga Technical University under
the lead of rector Prof. Leonids Ribickis visits E.ON
ERC and PGS.

11

Hanno Stagge attends the workshop „Zukunft der
Leistungselektronik“ at the „Fraunhofer-Institut für
Integrierte Systeme und Bauelementetechnologien IISB“ in Erlangen.

05

Prof. De Doncker together with Dr. Franz Alt gives a
presentation on “Technologien für die zukünftige
Energieversorgung: Smart Grids und Speicher” at
HDI Gerling Versicherung.

March 2011
May 2011
03
30-03

Florian Mura and Thomas Butschen attend
ICPE 2011 – ECCE Asia in Jeju to give presentations.

On „Fettdonnerstag“ PGS celebrates Karneval
together with the colleagues at ISEA.
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