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Foreword
Energy is essential to modern life. In our private lives, we depend on affordable and
abundant energy to heat, cool and light our homes, to refrigerate and prepare our food,
to operate our cars, and to support entertainment and communications. As a society, we
depend on energy to light our streets, run our economy, power and control the ƅow of
road, rail and air trafƄc, maintain public safety and assure our security.
Historically, most of this energy has been provided by coal, oil and natural gas. Recognizing the many serious health and environmental impacts of these fossil fuels and the
ever growing risks of climate change, Germany has been leading the world in the transition away from the conventional use of fossil fuels. While the broad political commitment
displayed by the Energiewende
e is critically important, it alone is not enough. A dramatic
transformation of the German and global energy systems will require new cost-effective
technologies, careful planning, and extensive economic social science analysis.
Over the past decade the E.ON Energy Research Center (ERC) at RWTH Aachen Univerr
sity has worked hard and made major contributions to develop much needed technology, perform essential analysis and educate a next generation of technical leaders who
will continue that critical work for decades to come. No single research center can do
everything. But under the leadership of its Ƅve senior professors, E.ON ERC has made
remarkable progress and major contributions.
I have served as a member of the Centerps ScientiƄc Advisory Board from its early days
and have been pleased to witness the development of Center’s world-class laboratories
and its growing impact on the scientiƄc, technical and business communities through
research publication and technical demonstration. While it is not possible to outline all of
the Center’s accomplishments in this short book written for a general audience, even a
casual reading of the chapters that follow should convey a clear sense of both the breadth
and depth of the Center’s accomplishments.
In his Introductory Chapter, Center Director Prof. Rik W. De Doncker lays out a vision of
how the future energy system may be weaned off its present high dependence on coal,
oil and natural gas. Two things are immediately apparent in the diagram around which he
builds this discussion: 1) the central role of electricity and 2) the need to continue to make
considerable use of natural gas for decades until other gaseous and liquid fuels become
available. Also notable in Prof. De Doncker’s vision is a mixture of traditional alternating
current (AC) electric power with a variety of applications of direct current (DC) power and
the use in the future of electrolysis to make hydrogen as an energy storage medium.
Chapter I, based on the work of Prof. Dirk Müller and his colleagues, outlines clearly the
progress that Germany is making in developing new building technologies that use little
if any net energy. Many of these passive and active technologies are Ƅnding wide applications in new buildings both in Germany and all across the world. At the same time,
this chapter also makes clear the enormous difƄculties that will arise in achieving similarly
dramatic improvements in the performance of the existing building stock. The American
Political Scientist Aaron Wildavsky has written about how important it is for technical and
analytical experts to “speak truth to power.” This Chapter provides a perfect example.
There is probably no way that much of Germany’s existing building stock can reduce its
energyy use to the levels presently stipulated in national targets. However, through electriƄcation with clean emission-free sources of power, the carbon foot-printt of that building
stock, including that of many protected historic buildings, almost certainly can be brought
down close to zero.
Chapter II reports the work of Prof. Christoph Clauser and his colleagues. I hope the
readers will pardon a pun when I say this group has done ground breaking work on using
the shallow and deep underground as a source of energy for heating and cooling. The
spectacular building that houses E.ON ERC’s ofƄces secures both its heating and cooling
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from 52 ground source heat pump wells that Prof. Clauser and his colleagues have not
only put to practical use, but with extensive instrumentation, have also been able to use
as a test bed to develop insights about questions such as how the ƅow of ground water
will affect the performance of geothermal energy systems. This group has not limited its
attention to the near underground but has also been exploring strategies by which society might draw upon the much larger high temperature heat source offered by the deep
underground and has helped to craft a European Commission response to the technical
and economic challenges involved. In the early days of the Center, this group also gave
consideration to exploring the use of the deep underground as a place to sequester large
amounts of carbon dioxide – either captured from burning natural gas or coal, or from
technology to “scrub” carbon dioxide from the atmosphere. I understand that in the present Germany political environment such use of the deep underground is not viewed with
favor. However, as the world grows more serious about achieving dramatic reductions in
emissions of carbon dioxide, it is hard to escape the conclusion that strategies will have to
be found to do something with enormous volumes of captured carbon dioxide.
Clean and affordable electric power will be critical to achieving the vision of the Enerr
giewende. The power system operates through a web of high, medium and low voltage
lines, that traditionally have moved power in only one direction from large central generators out to serve the needs of customers. While some large generators, such as big
off-shore wind farms, will almost certainly continue to play an important role, the introduction of roof-top solar arrays and other small-scale technologies, some of which combine
heating and cooling with the production of electricity, are playing a growing role. Increasingly, power is moving today in two directions: from larger generators out to homes and
businesses, and from homes and businesses out to neighbors and the broader grid.
Chapters III and IV report highlights of work by groups headed by Prof. Rik De Doncker
and Prof. Dirk Uwe Sauer, exploring respectively the way in which city quarters and the
electricity system may evolve at the level of lower-voltage distribution systems and the
revolutionary changes that may occur in the higher-voltage bulk power transmission system. At the level of individual homes and businesses there are enormous opportunities
to change the way in which we produce, store and use energy. Chapter III notes that at
the dawn of the electric age AC power won out over DC because there was no practical
way to make devices that could change voltage levels (i.e., to make DC transformers).
Today that is no longer true. DC has already seen wide use for moving power over long
distances. Today, thanks in part to technology being developed by E.ON ERC, there are
growing opportunities to use DC in many other applications. In Chapter IV Prof. Antonello
Monti lays out a vision, and offers a number of practical examples of what these changes
may bring and how information and communication systems can provide affordable solutions to automate the ever increasing complexity of future energy supply systems for the
urban environment.
Technology is wonderful, but to be useful and to be widely adopted, it must be affordable,
and its use must be compatible with human preferences and behaviors. Across a wide
set of energy-related topics these issues have been the focus work by Prof. Reinhard
Madlener and his colleagues. In this Ƅnal Chapter, they have chosen to draw upon results
from across these studies to offer a set of insights about economic and behavioral elements that must be considered as the world moves to achieve an ever large transformation of its energy systems.
I am an engineer, and I draw great satisfaction from seeing elegant technical solutions, but
I have also spent much of my professional life working at the interface between technology and the broader society. Over the past decade, the achievements of the E.ON ERC
have been truly outstanding. If I have one wish for the Center’s work over the next ten
years, it is that economic, behavioral and regulatory analysis become more widely diffused
across all the work of the Center in order to assure that its outstanding technical visions
can be widely implemented in cost-effective ways across Germany, and all around the
world.
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Scientific Advisory Board

6FLeQWLƂF$dYLVor\%oDrd
An international ScientiƄc Advisory Board (SAB) was established to advise the Director of E.ON Energy Research Center. This was explicitly recommended by the PPP partners to establish international visibility and cooperation with renowned research groups, in Australia, US, UK, Sweden Norway, Netherlands, Russia, etc. Twelve international experts and the E.ON ERC Professors are invited each year
to attend the SAB Meeting to assess the progress of the Center, to provide advice and identify cooperation with their research institutions. The SAB members serve in the advisory board for a term of at least two years. Having an international perspective, the members
make recommendations on speciƄc research topics to get the Center into a global leading role towards research. Research strategies
and organizational improvements were part of SABs work.

6FLHQWLƄF$GYLVRU\%RDUG0HPEHUV
3URI0DWV$ODNÙOD
Senior Technical Advisor, Global Trucks Technology AB Volvo
Full Professor in Industrial Electrical Engineering, Lund University, Sweden
Prof. Mats Alaküla has been working as a Full Professor in Industrial Electrical
Engineering at Lund University for the last 20 years, with a specialization on electrical
machines and drives as well as hybrid vehicle design and control including charging
systems. For the last 8 years he has been working part time at AB Volvo as a Senior
Technical Advisor (Level 1), focusing on similar research topics as in his university
role. He is also Director of the Drive Systems branch of the Swedish Hybrid Vehicle
Research Centre. He received his professional education from Chalmers University
of Technology in Gothenburg and the Technical Faculty at Lund University. His main
research Ƅelds are electrical and electrochemical energy conversion.

3URI-D\$SW
Full Professor at the Tepper School of Business and AfƄliated Professor in Engineering
& Public Policy, Carnegie Mellon University, Pennsylvania, USA
Prof. Jay Apt joined Carnegie Mellon University in 2010, where he is a Full Professor
at the Tepper School of Business, co-director of Carnegie Mellon Electricity Industry
Center and afƄliated Professor in Engineering & Public Policy. He was distinguished
Service Professor in Engineering and Public Policy at Carnegie Mellon University,
Managing Director, Chief Technology OfƄcer at iNetworks and Director at Carnegie
Museum of Natural History form 2000-2010 He went on four space missions as
american astronaut at NASA between 1985 and 1997. Before becoming an astronaut,
he was Chief of Mission Support Branch (1995-199) and ƅight controller at Mission
Control Center (1982-1985). He received his Ph.D in Experimental Atomic Physics
from Massachusets Institute of Technology in 1976.

3URI-D\DQW%DOLJD
Director of Power Semiconductor Research Center (PSRC) at North Carolina State
University, USA
Prof. Baliga is an international recognized expert on power semiconductor devices.
He is a Member of the National Academy of Engineering and a Life Fellow of the
IEEE. He joined North Carolina State University (NSCU) in 1988 as a Full Professor
and was promoted to the rank of ‘Distinguished University Professor’ in 1997. Among
his many honors, he received the National Medal of Technology and Innovation, the
highest form of recognition given to an engineer by the United States Government,
from President Obama in October 2011; and the 2014 IEEE Medal of Honor, the
highest honor in the electrical engineering Ƅeld. Prof. Baliga has authorededited 20
books and over 550 scientiƄc articles and has been granted 120 U.S. Patents. He
received his M.Sc. and Ph.D. in Electrical Engineering at the Rensselaer Polytechnic
Institute in New York.
 | ScientiƄc Advisory Board

5XJJHUR%HUWDQL
Project Director in the Innovation Department, Coordinator and Responsible of the
DESCRAMBLE H2020 project at Enel Green Power
Ruggero Bertani has been working at Enel Green Power since 1982. He has been
the Executive Director (1998-2004) and member of the Board of Director of the
International Geothermal Association (IGA). Bertani is also a member of the Consulting
Panel of Expert for Geothermal Energy in the 6th Framework Program of EC, and
leading author of the geothermal chapter in the Special Report on the Renewable
Energy Sources (SRREN) of IPCC. He is President of the European Geothermal
Energy Council (EGEC) and President of European Technological Innovation Platform
(ETIP) for Deep Geothermal in the SET Plan.
Bertani is author and co-author of about 80 papers, published in international journals
as well as in ofƄcial publications of international bodies. He got his degree in physics,
at Pisa University in 1979, with a thesis on high energy nuclear physics.

3URI0DUF2OLYHU%HWW]ÙJH
Full Professor of Economics and Energy Economics, Faculty of Management,
Economics and Social Sciences, University of Cologne, Germany
Prof. Bettzüge is Full Professor of Economics at the University of Cologne since
2007. He is also Director of the Institute of Energy Economics at the University of
Cologne (EWI) and President of the Supervisory Board of EWI’s independent thinktank, ewi Energy Research & Scenarios. His research interests lie in energy comprise
institutional and economic issues in energy economics and energy policy. Professor
Bettzüge is an active member of various scientiƄc and advisory boards as well as
national and international academic committees. After studying mathematics and
economics at the Universities of Bonn, Cambridge and Berkeley, he received his
doctorate in economics with a dissertation on the theory of Ƅnancial markets.

3URI/HLI%MHOP
Professor Em. Lund University, Dept. of Engineering Geology, Lund University.
Promoting EGS research and drilling technology. Technical expert in court-cases.
Prof. Leif Bjelms research Ƅelds cover geothermal energy, applied geophysics,
engineering geology, drilling technology, well completion & testing. He is a geothermal
heat pump plant creator in Lund and expert advisor for geothermal power plants
in Nevada, Manager of Oil & Gas exploration in Svalbard. He has commitments in
large-scale Scandinavian projects; and is Environmental controller of the Öresund
Ƅxed link project, Senior Geotechnical Advisor for the Citytunnel project in MalmÓ and
Controller of the Hallandsås railway Tunnel project. Bjelms International work is related
to bilateral aid programs in hydrogeology, applied geophysics in civil engineering
and geothermal energy. He worked in Africa, Central and South America from 1978
till recently. He made his PhD in applied Geology 1976 and his Professor 1984 in
Georesources technology.
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3URI)UHGH%ODDEMHUJ
Professor at the Department of Energy Technology, Aalborg University, Denmark
Prof. Frede Blaabjerg became a Full Professor in Power Electronics and Drives at
Aalborg University in 1998. His research focuses on renewable energy, power
electronics, wind turbines, photovoltaic systems, energy saving and energy efƄciency
and reliability. In the period of 2006-2010 he was the Dean of the Faculty of Engineering,
Science and Medicine and became a visiting professor at Zhejiang University, China
in 2009. He was Editor in Chief of the IEEE Transactions on Power Electronics (20062012). He has received more than 20 national and international awards including
being IEEE fellow and has published substantially in journals and at conferences with
high impact. Prof. Blaabjerg received his Ph.D. in 1995 at Aalborg University.

3URI1LJHO%UDQGRQ
Vice-Dean Research, Director of Sustainable Gas Institute, Faculty of Engineering,
Imperial College London, UK
Prof. Nigel Brandon is Vice-Dean of Research at the Faculty of Engineering, Director
of the Sustainable Gas Institute and Chair of Sustainable Development in Energy,
at Imperial College London. Nigel Brandon’s research is focused on electrochemical
devices for energy applications, with a particular focus on fuel cells and batteries. He
is Director of the UK’s Hydrogen and Fuel Cells SUPERGEN Hub, and Co-Director
of the SUPERGEN Energy Storage Hub. He was awarded the ASME Francis Bacon
Medal in 2014, the Institution of Civil Engineers Baker Medal in 2011, and the Royal
Academy of Engineering Silver Medal in 2007. He was made an OfƄcer of the Most
Excellent Order of the British Empire (OBE) in 2011.

3URI4LQJ\DQ&KHQ6$%&KDLUPDQ
Vincent P. Reilly Professor of Mechanical Engineering and Editor-in-Chief of Building
and Environment at Purdue University, Indiana, USA
Dr. Chen’s current research topics include indoor environment, aircraft cabin
environment, and energy-efƄcient and sustainable building design and analysis. He
has published three books and over 400 journal and conference papers. Prof. Qingyan
Chen works as a professor since 2002 and Vincent P. Reilly Chair Professor since
2011 at Purdue University in Indiana, USA. In 2007 he became the editor-in-chief of
the journal “Building and Environment”. Before he joined Purdue University, he was
a faculty member at Delft University of Technology (TU Delft) and the Massachusetts
Institute of Technology (MIT). Chen has received awards from NSF, ASHRAE, IEST,
SCANVAC, IBPSA, etc. Prof. Chen earned his B.Sc. in 1983 from Tsinghua University
and M.Eng. in 1985 and Ph.D. in 1988 from TU Delft.
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3URI'HHSDN'LYDQ
Professor of Electrical Energy at the School of Electrical and Computer Engineering,
Georgia Institute of Technology, USA
Since 2015, Prof. Deepak Divan is Professor and Director of the Center for Distributed
Energy at Georgia Institute of Technology, USA. His research Ƅelds include improving
power grid utilization, architecture of ultra-reliable power systems, as well as industrial
and utility applications of power electronics. He is the Director of Intelligent Power
Infrastructure Consortium (IPIC), a consortium formed to improve academic teaching
in power technologies at Georgia Tech. Before starting at Georgia Tech, he was a
Founder and President at Varentec, Inc. (2011-2015), President, CEO and Chairman
of the Board at Soft Switching Technologies (1995-2004), and Professor at the
University of Wisconsin – Madison (1985-1995). He holds a Ph.D. from the University
of Calgary, Canada.

3URI5RJHU$'RXJDO6$%&KDLUPDQDQG
Department of Electrical Engineering and Carolina Distinguished Professor, Gregory
Professor at the College of Engineering and Computing, University of South Carolina,
USA
Professor Dougal leads the Power and Energy Systems research group at University
of South Carolina. His research Ƅelds are, amongst others; power conversion and
storage, power routing and control in micro grids and renewable energy systems,
modeling and simulation methods for integrated electrical, thermal, mechanical, and
ƅuid systems. He is a member of Board of Directors of the Electric Ship Research
and Development Consortium (ESRDC) and Site Director of the new NSF-sponsored
IndustryUniversity Cooperative Research Center for Grid-connected Advanced
Power Electronic Systems (GRAPES). Since 1996, under sponsorship of the OfƄce of
Naval Research, Prof. Dougal has overseen the development of the Virtual Test Bed
software. He received his Ph.D. from Texas Tech University in 1983.

3URI0DQIUHG)LVFKHGLFN
Director and Member of the Wuppertal Institute’s management board, Germany
Professor at the Schumpeter School of Business and Economics, University of
Wuppertal, Germany
Prof. Manfred Fischedick is Director and member of the Wuppertal Institutes
management board and a Professor at the Schumpeter School of Business and
Economics at the University of Wuppertal. His research focus lies on energy systems
modelling, greenhouse gas mitigation strategies and multi-criteria assessment
of technologies and innovation dynamics. He is member of various national and
international advisory boards and, amongst other, coordinating lead author of the
IPCC. Before starting his career at the Wuppertal Institute, he was a research fellow
and Ph.D. student at University of Stuttgart, Germany. He received his University
Diploma in Chemical Engineering at University of Dortmund, Germany in 1993.
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3URI-DQ+HQVHQ
Full Professor of Building Performance at the Department of the Built Environment,
Eindhoven University of Technology, Netherlands
Jan Hensen is a Full Professor of building performance in the Department of the
Built Environment, Eindhoven University of Technology, Netherlands and a Part-time
Professor in environmental engineering in the Department of Mechanical Engineering,
Czech Technical University in Prague. Prof. Hensen is the scientiƄc director of the
Smart Energy in Buildings and Cities post-master program. He has been participating
in many international research projects and he is in the scientiƄc advisory board of
several international energy institutions. He authored or co-authored 10 books
or chapters in books, over 70 scientiƄc journal papers, more than 250 academic
conference contributions and about 100 professional magazine articles.

'U$OH[4+XDQJ
Progress Energy Distinguished Professor of Electrical and Computer Engineering,
North Carolina State University, USA
Dr. Alex Q. Huang is an IEEE Fellow. He was a Professor at Virginia Tech’s Center
for Power Electronics System from 1994-2004. At NCSU, he established the NSF
Engineering Research Center, the FREEDM Systems Center in 2008. He is a world
renowned expert of power semiconductor devices and power electronics and
has published more than 450 papers. Dr. Huang is inventor and developer of the
Emitter Turn-off Thyristor (ETO) Technology and is also credited for his contribution
in developing the Energy Internet concept and the Solid State Transformer based
Energy Router technology. He received his M.Sc. in Electrical Engineering at University
of Electronic Science and Technology, China in 1986 and his Ph.D. from Cambridge
University, United Kingdom in 1992.

3URI-RKDQ(+XVWDG
Pro-Rector for Innovation, Norwegian University of Science and Technology (NTNU),
Norway
Prof. Johan E. Hustad is responsible for innovation strategy and relationships with
innovation networks on a regional, national and international level at Norwegian
University of Science and Technology (NTNU) since 2009. Additionally, he is Chairman
of the Board of Directors at NTNU Technology Transfer (TTO) and coordinates efforts
related to the universitys intellectual property rights (IPR). Starting 2017, he will be
Director of NTNU Energy, responsible for the strategic research area of energy at
NTNU. He has authored or co-authored a total of 297 publications which includes
conference presentations and technical reports. From 2003-2004 he was a visiting
Professor at Thermo-Science Division, Stanford University, USA. He received his
M.Sc. and his Dr. Ing. in Mechanical Engineering from the Norwegian Institute of
Science and Technology.
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3URI'HQQLV/RYHGD\6$%&KDLUPDQ
Professor of Building Physics and Deputy Director, Centre for Doctoral Research in
Energy Demand, Loughborough University, UK.
Dennis Loveday is Professor of Building Physics in the School of Civil and Building
Engineering, Loughborough University, UK, and Deputy Director of the Centre for
Doctoral Research in Energy Demand. From 2007-2011, he held the E.ONRoyal
Academy of Engineering Research Chair in Low Carbon Energy Technology, and was
Director of Loughborough University’s Sustainability Research School (2006-2013).
His research focuses on human thermal comfort, building heat transfer and energy
systems for buildings. He led Project ‘CALEBRE’ (2008-2013) and chaired ASHRAE’s
Technical Committee 2.1 (2013-2016). Prior to joining Loughborough University in
1988, he was a lecturer at ShefƄeld Hallam University (1983-1987) after graduating in
physics from Aston University, UK (BSc 1977; PhD 1983).

'U'DYLG7/\QFK
Professor at Donadeo Innovation Centre for Engineering, University of Alberta, USA
Prof. David Lynch is the Dean of the Faculty of Engineering at the University of Alberta.
His current research focuses on catalysis, chemical kinetics, chemical reactors and
mathematical modelling. For his work, he was named the 2003 Resource Person
of the Year by the Alberta Chamber of Resources. He has received several awards
for his work as a Professor, including the University of Alberta Rutherford Award for
Undergraduate Teaching, the Association of Professional Engineers, Geologists, and
Geophysicists of Alberta (APEGGA) Centennial Leadership Award, and the University
of Alberta Alumni Association’s Award of Excellence. In 2002, he was elected a fellow
of the Engineering Institute of Canada and the Canadian Academy of Engineering.

3URI+$ODQ0DQWRRWK
Distinguished Professor, University of Arkansas, Fayetteville, USA
GRAPES NSF Center, SEEDS DoE Center, POETS NSF Center
Prof. Alan Mantooth’s current research topics are mixed-signal circuits and systems,
semiconductor device modeling, power electronics circuits and packaging, and CAD
for power and analog. Mantooth directs three centers that research power electronics
and power systems at the University of Arkansas related to grid-connected power
electronics, more electric transportation and cybersecurity for energy delivery. These
efforts involve many of the world’s foremost minds in both industry and academe.
Mantooth is currently president-elect for the IEEE Power Electronics Society and will
serve as president in 2017-18. Prof. Mantooth is a fellow of the IEEE. He has cofounded three companies in power electronics, design automation tools, and fabless
integrated circuit design.
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3URI*UDQJHU0RUJDQ6$%&KDLUPDQDQG
University and Hamerschlag Professor of Engineering and Professor at the Department
of Engineering and Public Policy at Carnegie Mellon University, USA
Prof. Morgan is university and Hamerschlag Professor of Engineering at the
Department of Engineering and Public Policy of the Carnegie Mellon University where
he served 38 years as Founding Department Head. Additionally, he is Professor at
the Department of Electrical and Computer Engineering and in the H. John Heinz
College of Public Policy and Management. He is Co-Director of the Center for Climate
and Energy Decision Making and of the Electricity Industry Center. He served as
Founding Director of Carnegie Mellon’s Wilton E. Scott Institute for Energy Innovation.
Morgan’s research addresses problems in science, technology and public policy with
a particular focus on energy, environmental systems, climate change and risk analysis.
He earned his Ph.D. in 1969 at the University of California and his M.Sc. at the Cornell
University in 1965.

3URI/DUV1LOVVRQ
Professor of Environmental and Energy System Studies at Lund University, Sweden
Currently, Prof. Nilsson is a member of the IAB of the Wuppertal Institute and Seoul City
International Energy Advisory Council. He has 25 years of experience in the Ƅelds of
energy efƄciency, renewable energy and climate policy and transition studies. Recent
research is focused on decarbonisation pathways in the basic materials industries
including steel and plastics and their co-evolution with low-carbon energy systems.
He is professor since 2002, holds a Ph.D. in Energy Systems Studies from 1993 and
earned his M.Sc. in Engineering Physics at Lund University in 1987.

3URI%MDUQH2OHVHQ
International Centre for Indoor Environment and Energy, Department of Civil
Engineering, Technical University of Denmark
Prof. Bjarne Olesen is the President Elect of ASHRAE, Full Professor as well as Head of
the International Centre for Indoor Environment and Energy at Technical University of
Denmark. Professor Olesen has published more than 350 papers. He is a recipient of
ASHRAE Distinguished Service Award and ASHRAE Exceptional Service Award. He is
a fellow of ASHRAE, REHVA, AICARR (Italian HVAC&R association) and International
honorary member of SHASE (Society of Heating, AC & Sanitary Engineers of Japan).
He holds a Master’s Degree in Civil Eng. and a Ph.D in Laboratory of H&AC, Technical
University of Denmark.

'U-RKQ(3DUVRQV6$%&KDLUPDQ
Senior Lecturer, Sloan School of Management; Head, MBA Finance Track and
Executive Director, Center for Energy and Environmental Policy Research
Dr. Parsons is a Ƅnancial economist specializing in risk management, corporate
Ƅnance and valuation. He is the Executive Director of MIT Center for Energy and
Environmental Policy Research and the Head of the MBA Finance Track. Dr. Parsons
is also a visiting scholar at the U.S. Federal Energy Regulatory Commission. For ten
years Dr. Parsons worked in the Finance Practice at the economics consulting Ƅrm
CRA International, where he was a Vice-President and Principal. He is a co-author
of the blog “Betting the Business”, covering topics in Ƅnancial risk management for
non-Ƅnancial companies. He holds a BA in Economics from Princeton University and
a PhD in Economics from Northwestern University.
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3URI3HWHU-*3HDUVRQ6$%&KDLUPDQ
Hon. Professor of Sustainable Innovation & Energy, Imperial College London, UK;
Emeritus Professor, Cardiff University, UK
Prof. Pearson’s research focuses on past and future long run energy and infrastructure
transitions and their policy implications. From 2010-2015 he directed the Low Carbon
Research Institute of Wales, Cardiff University; until 2009 he directed the Imperial
College Centre for Energy Policy & Technology. He co-led the Realizing Transition
Pathways Research Consortium (2012-16). He chairs the Advisory Board of the
Carbon Trust Standard, twice chaired the British Institute of Energy Economics,
belonged to the European Commission’s Advisory Group on Energy, and has been
an Economic Adviser to the World Bank’s Inspection Panel. With Roger Fouquet he
received the Energy Journal Best Paper Award 2006 for ‘Seven Centuries of Energy
Services: The Price and Use of Light in the United Kingdom’.

3URI<XUL$QDWROLHYLFK3RSRY
Professor, Doctor of Science, Member of Russian Academy of Earth’s Science;
Honoured Science Worker of Russian Federation; Professor of Geophysics,
Schlumberger Moscow Research Centre, Russia
Prof. Popov has been ScientiƄc Advisor of Schlumberger Moscow Research Center
since 2009 and Full Professor at the Russian State Geological Prospecting University
(RSGPU) since 1987. Before becoming a full professor, he was Assistant and
Associate Professor from 1976 till 1987 at the RGPU. He also gave many lectures
at international universities and researched in Ƅelds of geothermal energy and petro
physics of oil, gas and geothermal Ƅelds. He earned his Ph.D. in 1975 in applied
physics at the Russian Technological Institute and his M.Sc. in 1965 also in physics
at the Russian Physical Engineering University. In between, he was researcher at
Nuclear Physics Institute (1965-1968) and senior researcher at Institute of Introscopy
of Ministry of Electronics (1968-1976).

3URI/DGLVODXV5\EDFK
Emeritus Professor of Geophysics at ETH Zurich, Switzerland
Prof. Ladislaus Rybach research activities include general and applied geothermics as
well as environmental radioactivity, natural and artiƄcial. An airborne method developed
in his group is now routinely used to monitor the environs of the Swiss nuclear power
plants. He has published over 400 papers and several textbooks (also in Chinese and
Russian translations). He worked as an expert in Austria, China, Germany, France,
Hungary, Iceland, Italy, Japan, South Korea, New Zealand, Romania, Turkey, and
USA. After retirement, he was co-founder and managing director (2002-1011) of the
ETH Spin-off company GEOWATT AG, Zurich (now ScientiƄc Advisor). He was vice
president (2001-2004) and president (2007-2010) of the International Geothermal
Association (IGA).
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3URI0LNH6DQGLIRUG
Academic, Institute of Earth Sciences, University of Melbourne, Australia
Mike Sandiford’s research focuses on the Ƅelds of energy (geothermal energy, carbon
capture and storage, energy systems), geology (tectonics, earthquake geology,
geomorphology and geothermics). His research has taken him to many farfetched
parts of the planet including Antarctica, remote Australia, Timor, Tibet, the Kunlun and
the Himalaya. He is a member of the ARC College of Experts, editor of the Editorial
Board Geology and chair of the AuScope NCRIS Science Advisory Board. Prof.
Sandiford’s geological research on the origin and evolution of the continents has been
published in over 150 research papers and was recognized with the award of the
Mawson Medal for ‘outstanding contributions to earth science in Australia’.

3URI-LP6NHD
Professor of Sustainable Energy at the Imperial College London, UK; Research
Councils UK Energy Strategy Fellow, UK
Prof. Jim Skea is professor of Sustainable Energy at Imperial College London and
Research Councils UK Energy Strategy Fellow. He also serves as co-chair of IPCC
Working Group III, president of the Energy Institute and as a founding member of the
UK’s Committee on Climate Change. Until June 2012, he was research director of the
UK Energy Research Centre. His research interests are energy, climate change and
technological innovation. He has previously been director of the Policy Studies Institute
and director of the Economic and Social Research Council’s Global Environmental
Change Programme.

3URI5RODQG6SDQ
Chair of Thermodynamics, Ruhr University Bochum (RUB), Germany
In 2002, Prof. Roland Span became chair of Thermodynamics and Energy
Technologies at University of Paderborn and changed to RUB in 2006. He completed
his habilitation with a thesis entitled “Multiparameter Equations of State – An Accurate
Source of Thermodynamic Property Data” in 1999. Prof. Span has published highly
cited scientiƄc papers dealing mostly with experimental and theoretical work on
thermodynamic properties and the application of corresponding models to process
simulations in energy technologies. He is member of several scientiƄc committees.
Prof. Span studied mechanical engineering at RUB from 1983 to 1988. In 1992, he
completed his Ph.D. with a thesis introducing a new reference equation of state for
carbon dioxide.

3URI&KULVWRSK:HEHU
Chair of Energy Industry at Duisburg-Essen University, Germany
In October 2004, he was appointed as a Full Professor at the University of DuisburgEssen to hold the chair of energy industry. He earned his postdoctoral lecturer
qualiƄcation from the University Stuttgart in 2004 with a thesis on “Models for
decision support under uncertainty in the electricity industry”. He received his Ph.D.
in 1999 from the University of Hohenheim with a thesis on “Consumer behavior and
Environment”. Between 1991 and 2004, he was academic assistant in the Institute
of Energy Industry and National Energy Application (IER) of the University of Stuttgart,
and from 1999 to 2004 he was head of the Division of Energy Application and energy
management in the IER. Professor Weber studied mechanical engineering from 1983
to 1989 with a focus on energy technology at the University of Stuttgart.

14 | ScientiƄc Advisory Board

'U)LRQD:LOOLDPV
Research Director of Ericsson, Aachen, Germany
Dr. Fiona Williams is currently project manager of the FINESCE IP in the FI-PPP
Programme of the European Commission. This project will trial a range of concepts
for communications in the Smart Energy sector in cross-border trials in Europe. She
built up the research and innovation unit in Ericsson Eurolab, which has developed
a wide range of successful product developments and set leading standards. She
moved to Germany in 1991 from Ireland, where she was responsible for the start-up
and operations of an Ericsson-Eircom joint venture advanced technology company.
She studied for her B.Sc.(Hons.) and Ph.D. degrees at the National University of
Ireland and as a visiting fellow at Imperial College, London.
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3URI'ULU'UKF5LN:'H'RQFNHU
Director of E.ON Energy Research Center (ERC) and the Institute for Power Generation
and Storage Systems (PGS), Germany
Prof. De Doncker’s research Ƅelds at PGS include power electronic components and
high-power conversion systems for medium voltage (MV) grids in Windparks, PV farms
and distribution systems. He is director of E.ON ERC since 2006. Since 1996, he also
directs the Institute for Power Electronics and Electrical Drives (ISEA), researching
converters for PV and battery chargers and efƄcient propulsion systems for electric
vehicles (EVs). He is IEEE and RWTH fellow, director of the RWTH CAMPUS Cluster
Sustainable Energy and leader of the BMBF-Forschungscampus Flexible Electrical
Networks. After his doctoral studies at KU Leuven, Belgium, he spent ten years in the
US, working on power electronics for EVs, aerospace applications and locomotives
at GE, New York. From 1994 to1996 he was CTO at SPCO, Pensylvania, developing
MV static transfer switches.

3URI'U$QWRQHOOR0RQWL
Professor and Institute Director of Automation of Complex Power Systems (ACS),
RWTH Aachen University, Germany
Before joining RWTH in Aachen, Prof. Monti was Professor of Electrical Engineering at
the University of South Carolina (USA). During his tenure at USC he has been Associate
Director of the Virtual Test Bed (VTB) project, which focuses on computational
simulation and visualization of modern power distribution systems that fully integrate
power electronics into the network design. He has developed the real-time extension
of VTB for Hardware in the Loop applications and has designed innovative tools
supporting the automatic generation of VTB native models. He worked on expanding
the limits of real-time simulation thanks to the application of PC clusters and FPGA
technology. He started his academic career at Politecnico di Milano after 4 years of
industrial experience in Ansaldo Industria.
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3URI)HUGLQDQGD3RQFL
Professor of Monitoring and distributed control for power systems at the Institute for
Automation of Complex Power Systems (ACS) RWTH Aachen University, Germany
Ferdinanda Ponci graduated with a Ph.D. in Electrical Engineering from the Politecnico
di Milano (Italy), in 2002. She joined the Department of Electrical Engineering, University
of South Carolina, (USA), as an Assistant Professor in 2003, and became Associate
Professor in 2008. In 2009, she joined the Institute for Automation of Complex Power
Systems, E.ON Research Center, RWTH Aachen University, Aachen, Germany, where
she is currently a Professor. Her activity is focused on monitoring techniques and
distributed automation of power systems with high penetration of renewable sources,
and application of intelligent agents to energy systems. She is a Senior Member of
IEEE, a member of the Administration Committee of the IEEE Instrumentation and
Measurement Society and the society Liaison with IEEE Women in Engineering.

3URI'LUN0ÙOOHU
Professor and Institute Direktor of the Institute for Energy EfƄcient Buildings and
Indoor Climate (EBC) at the E.ON Energy Research Center, RWTH Aachen, Germany
Prof. Dirk Müller is responsible for the accompanying research “Energy in Buildings
and Districts” for the Federal Ministry for Economic Affairs and Energy since 2016. In
addition to his research and teaching activities Dirk Müller served as Chief Technology
OfƄcer of the TRO; GmbH from 2011 to 2015. He took up the position of the
Managing Director of the Heinz Trox Wissenschaftschafts gGmbH in 2016. Dirk
Müller started his scientiƄc career after Ƅnishing his studies of mechanical engineering
at RWTH Aachen University and the Thayer School of Engineering at Dartmouth.
After completing his doctorate, he worked at the Robert Bosch GmbH in the central
research department and at Behr GmbH as process manager for simulation.

3URI5HLQKDUG0DGOHQHU
Professor and Direktor of the Institute for Future Energy Consumer Needs and
Behavior (FCN) at the E.ON Energy Research Center, RWTH Aachen, Germany, vice
director of Jara Energy
Prof. Madlener is Full Professor at the E.ON ERC and Director of the FCN institute,
founded by himself in 2007. From 2010 to 2014, he was RWTH Director of JARA
Energy, and since 2014 he is Vice Director. Furthermore, he was Managing Director of
the Institute for Advanced Studies Carinthia (1999-2000), Assistant Professor at the
Centre for Energy Policy and Economics (CEPE), ETH Zurich (2001-2007), lecturer
at the Faculty of Economics, University of Zurich (as of 2003), and senior researcher
at the German Institute of Economic ResearchDIW Berlin (2007). He received his
doctoral degree in economics and social sciences, specializing in general economics,
environmental economics, and statistics from WU Wien, where he also studied before.
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3URI$DURQ3UDNWLNQMR
Assistant Professor and Chair of the Institute for Future Energy Consumer Needs and
Behavior (FCN) of E.ON ERC and RWTH Aachen
Aaron Praktiknjo is an Assistant Professor for Energy Resource and Innovation
Economics at the Institute for Future Energy Consumer Needs and Behavior (FCN)
of E.ON ERC and RWTH Aachen since 2015. Before joining E.ON ERC and RWTH
Aachen, he was a group leader and lecturer at the Institute for Energy Engineering
(TU Berlin) and served as a consultant for national and international agencies and
companies. After studying industrial and civil engineering, he completed a PhD in
Energy System Analysis (TU Berlin), graduating in 2013 with highest honors. He
has received awards for his research from the International Association for Energy
Economics (IAEE), the European Energy Exchange (EE;), and the School of Business
and Economics (RWTH).

3URI&KULVWRSK&ODXVHU
Professor and Direktor of the Institute forApplied Geophysics and Geothermal Energy
(GGE) at E.ON Energy Research Center, RWTH Aachen, Germany
Since 2007, Christoph Clauser has been directing the Institute for Applied Geophysics
and Geothermal Energy (GGE) at the E.ON ERC of RWTH Aachen University.
Prior to this, he held the professorship for Applied Geophysics at RWTH Aachen
University. Earlier in his career, he had been heading the Section of ‘Geothermics
and Groundwater Hydraulics’ at the Joint GeoscientiƄc Research Institute (GGA) in
Hannover for 8 years where he had been a senior researcher since 1989. He received
his Habilitation degree in Geophysics from the University of Bonn in 1995 and his
doctoral and diploma degrees in geophysics from the Technical University Berlin in
1988 and 1981.

3URI'LUN8ZH6DXHU
Professor and Chair of Electrochemical Energy Conversion and Storage Systems at
the Institute for Power Generation and Storage Systems (PGS) and the Institute for
Power Electronics and Electrical Drives (ISEA)
Prof. Dr. Dirk Uwe Sauer joined RWTH Aachen University in 2003 as Assistant
Professor and since 2012 he is Full Professor for the institute “Electrochemical Energy
Conversion and Storage Systems “. He is also on the Board of Directors of ISEA and
PGS. He studied physics at University of Darmstadt and received a Dr. of Science
from University of Ulm. After getting his diploma, Prof. Sauer was Project Manager
at the Fraunhofer Institute for Solar Energy Systems ISE at Freiburg for 9 years.
Moreover, he was Director of the research group of “Storage systems” and of the
interdisciplinary research group “Off-grid power supply systems”. He works on battery
and energy storage systems for electro mobility and renewable energy systems as
well as on energy system analysis.
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Abstract
Born out of the Public Private Partnership (PPP) between E.ON AG1 and RWTH Aachen University in 2006, the E.ON Energy
Research Center (E.ON ERC) successfully established itself over the past decade. Currently, more than 200 researchers and staff
from four faculties are working together on projects that focus on sustainable energy supplies and energy efƄciency measures
in particular for the urban environment. With support of the PPP, E.ON ERC’s technical facilities and test infrastructure is setting
standards. Fellow researchers worldwide, as well as industry partners, appreciate the quality of E.ON ERCs interdisciplinary and
cross-faculty approach. In addition, media and politicians see E.ON ERC as a competent point of contact.
No doubt, E.ON ERC‘s involvement and leadership in large projects, such as EU projects and research grants, often in cooperation
with industry partners of the German Federal Ministry of Education and Research (BMBF) and the Ministry of Economics (BMWi)
have contributed to its national and international visibility. In all projects and research activities, E.ON ERC pursues the objectives
of its mission that was stipulated by the stakeholders to develop a secure, environmentally sound and affordable energy supply
system for the future.

Background and Founding of the E.ON Energy Research Center
Ensuring a sustainable and reliable energy supply is an extremely complex and challenging problem at all levels of the energy
supply chain. The selection of primary energy sources, efƄcient energy conversion techniques, cost-effective energy transmission
and distribution systems and - from the consumer side - the efƄcient use and savings of energy are challenges that researchers,
engineers and innovators must cope with. The ongoing high level of consumption of fossil fuels not only accelerates global
climate change, but the unbridled use of these ever depleting resources lead, on the long run, to further increasing costs of
carbon based primary energy sources. Consequently, increasing research and development efforts are being made worldwide
towards attaining an affordable energy supply with a low or zero CO2 footprint. Nevertheless, a single global solution to all these
problems cannot be expected. SpeciƄc regional or national factors, such as geographic and climatological conditions, the
existing infrastructure andor consumer behavior require, from an ecological, social and economic point of view, locally tailored
solutions. Even though a single energy research center alone cannot solve all global energy problems, it can contribute towards
this goal. A multidisciplinary approach, an international coordination of tasks and a worldwide exchange of experience and
knowledge between renowned research institutes are decisive prerequisites to accelerate the development of a CO2-neutral
society. Therefore, the primary mission of research is to develop a comprehensive understanding about how a sustainable
energy supply can be realized by focusing on reducing the energy consumption and using more environmentally friendly energy
sources. This includes promoting energy-saving measures, as well as improving the efƄciency of existing systems, increasingly
utilizing renewable energy resources, and designing and fostering efƄcient energy markets.
In June 2006, a Memorandum of Understanding was signed between E.ON AG (now E.ON SE) and RWTH Aachen University to
create a research center in the area of sustainable energy at RWTH Aachen University. RWTH Aachen University was selected
by the E.ON Research Council primarily because of its high level of activities and research projects in the area of modern
electrical power engineering. By the end of 2006, a gGmbH (non-proƄt limited liability company) was created to consolidate the
cooperation as a public private partnership (PPP). In its founding document, the shareholders, i.e. E.ON and RWTH, stipulated
that each party commits to supporting the center with an equal share of investments.
Negotiations and SWOT analyses were conducted by the stakeholders to deƄne the vision and mission statement, as well as
the structure of the center. As interdisciplinary research was deemed key to build a successful energy research center, four
faculties joined forces to establish Ƅve new institutes with associated professorships. Furthermore, all partners agreed that the
researchers should work closely together, i.e. under one roof. In his statement made on Jan. 27, 2006 at the NRW National Press
Conference, Dr. Krüper, E.ON Chief HR OfƄcer, announced the formation of a research center at RWTH Aachen University >1@. On
January 27, 2006, a press release was conducted with NRW Minister President, Dr. Rüttgers, in which the partners, represented
by Dr. Krüper and Rector Prof. Rauhut, announced the PPP and clariƄed the vision and the main mission of the center.

1. In 2012 E.ON AG was transformed into E.ON SE
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One of the driving factors to establish a world-class energy research center was
to close the knowledge-innovation gap, which had been created since market
liberalization of the energy sector, between (1) education and research at universities
and research centers, (2) innovation at industry and suppliers and (3) the energy
markets of utility companies. Furthermore, as the press release made clear, E.ON
felt obliged to demonstrate a strong message of corporate responsibility in order to
close this knowledge-innovation gap. Against these backgrounds, the center had
strong international cooperation and visibility targets, which also included public
visibility, excellence in publications, not only in scientiƄc journals, but also in mass
media.
The whole debate in Germany and Europe on the energy reconversion process
towards a CO2-neutral society, i.e. the “Energiewende”, inƅuenced not only the
scientiƄc community and researchers at RWTH Aachen University, but also E.ON
and many other energy utilities. Hence, during the formation period of the center
and also over the following decade, not only did E.ON ERC grow and evolve, but
also the university environment and the global economical and energy landscape
changed dramatically. To cope with these changes, the center’s strategy and to
some extent the mission the shareholders had in mind was revised and adopted
whenever necessary.
Against this dynamic background, the center had to carve out its research foci and
strategy to fulƄll its mission. Every year, the directors of the E.ON ERC institutes meet
with the E.ON ERC ScientiƄc Advisory Board (SAB), which consists of internationally
renowned experts, to reƅect on the center’s mission and to develop an appropriate
strategy. Over time, to provide more focus, the center’s main research foci shifted
towards the sustainable energy supply and energy efƄciency in an urban context
(see insert). To achieve the goals stated in the Mission Statement, a strategy was

9LVLRQ
“E.ON
ERC
shall
be
an
internationally recognized science
and engineering institution with
strong links to the international
scientiƄc community and public,
political and industry partners.”
“E.ON ERC will foster major
technological
concepts
and
developments using an overall
system-related
approach
to
minimize energy consumption
and to develop sustainable
concepts for highly efƄcient and
environmentally sound energy
supplies.”
0LVVLRQ
“E.ON ERC shall become a leading
institution that provides technical
solutions and advice and supports
developing energy policies in
a professional manner to help
solving the energy problems
related to increased urbanization
and climate change.”

Fig. 1: Research planes within the scope of research at E.ON ERC
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Fig. 2: Main research topics at E.ON ERC

formulated, which not only focused on research excellence, but also on growth, international contacts and visibility in multimedia, press and conferences. The steadily increasing number of publications is witness that the center performed exceptionally
well both in scientiƄc and mass media publications (see also Fig. 9).
Based on these statements, the center deƄned its main research topics. Detailed analysis of the competences showed that the
center operates at three levels or planes: the materials and components plane, the engineered systems plane and the energy
markets plane, as illustrated in Fig. 1. Recognizing these research planes facilitated the center to cluster and allocate the main
research topics. As the center developed a stronger identity within RWTH Aachen University and the Jülich Aachen Research
Alliance (JARA) and taking into account the suggestions of the SAB to create more focus, four main research topics, which have
remained unchanged until now, were deƄned and published in the 2011 Center Brochure >2@. These topics are illustrated in Fig.
2 and comprise grids and storage, buildings and city quarters, heat and power plants and Energy markets and policies.
Since all staff members work together under a single roof and the various disciplines of all Ƅve institutes are closely linked to one
another, there are frequent opportunities for exchanging ideas for cooperation projects among the institutes. These interactions
spur innovative, integrated and interdisciplinary work at the center. Strategic core themes of the center have been deƄned
together with the SAB and international cooperation partners. In concurrence with the Mission Statement, these topics comprise
the areas of energy efƄciency, energy saving and regenerative energy sources. In detail, the research topics focus on renewable
and more efƄcient or CO2-free energy generation concepts, e.g. reservoir engineering for heat storage and geothermal systems.

Fig. 3: Most scenarios for a CO2 neutral energy supply conclude that the energy supply system will move towards an ultra-large-scale use of
renewable power sources and decentralized, ƅexible power plants. To cope with the volatility of renewables, large-capacity heat and gas storage
systems and dual use batteries of electric vehicles are required. To minimize storage costs ƅexible interconnected electrical transmission and
distribution grids are needed that are based on DC technologies
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Moreover, by means of Hardware-In-The-Loop test benches, electrical grids and their interoperability with heat, gas and mobility
grids are being investigated by implementing the most modern simulation and ICT technologies.
The future energy supply systems will become much more decentralized as we know it today, as illustrated in Fig. 3. Hence,
future grids must become more ƅexible, meaning they allow the transmission and distribution of electricity generated from
distributed power plants. The latter include large capacities of renewable energy sources, such as wind farms and PV plants,
geothermal systems, CO2-neutral combined heat and power (CHP) mini-power plants and heat and gas storage units.
Moreover, at E.ON ERC, technologies are being developed particularly for energy-efƄcient homes, buildings and city quarters
with a comfortable and healthy indoor environment. Such buildings support energy demand-side controlled concepts that apply
smart controls with integrated energy management systems. In all the research planes and in all research areas, consumer
behavior is incorporated for a better understanding of the human dimension and the economical impact. Technology acceptance
of users is studied to identify barriers to technical changes, predict technology diffusion and to develop suitable business
models. Examples for this are studies and developments regarding plug-in electric and hybrid vehicles, PV systems and microCHP units, i.e. combined heat and power plants for private households.

A Decade of Fast Growth of E.ON ERC at RWTH Aachen University
Starting in 2000, with the Bologna Declaration, all universities in Europe were in a continuous change, not only to adopt new
study programs (Bachelor-Master reform), but also to stand out in their research activities. Universities were challenged to
become internationally recognized top research institutions. In the framework of the German Federal Governments “Excellence
Initiative”, RWTH Aachen University applied for “Top Research University” status in 2006, which was awarded in 2007. In the
second Excellence Initiative, RWTH aspired to become an Integrated Interdisciplinary University of Technology. To achieve this,
several structural changes were implemented at RWTH. Among those, cross-faculty centers or ,QWHJUDWHG,QWHUGLVFLSOLQDU\
,QVWLWXWHV ,3) were developed. Furthermore, research alliances with the national Research Center Jülich were created, i.e. the
so-called -$5$6HFWLRQV, to bundle the fundamental research strengths of the largest technical university in Germany with
the largest center of the Helmholtz Association. In parallel, the 5:7+&$0386 concept was born to accelerate innovation by
establishing infrastructure in which RWTH Institutes can cooperate closely with industry. Clearly, E.ON ERC, with the support
of the E.ON SE & RWTH Public Private Partnership (PPP), as an interdisciplinary research center was in an excellent position to
support all three areas of structural changes at RWTH Aachen University.

E.ON ERC and RWTH - building an Interdisciplinary Technical University - Obviously, the creation of the PPP with E.ON, which
led to the formation of the E.ON Energy Research Center, Ƅtted well the concept of cross-faculty centers or so-called Integrated
Interdisciplinary Institutes (I3), as deƄned in the Excellence Initiative of RWTH Aachen University. By end of 2006, the four
Deans of the Faculty of Electrical Engineering and Information Technology, the Faculty of Mechanical Engineering, the Faculty
of Georesources and Materials Engineering and the Faculty of Business and Economics signed an Interfaculty Cooperation
Agreement to develop the center. Thanks to these concerted efforts of all four faculties, the new chairs at the center were
identiƄed by mid-2007. By middle of 2008, all chairs were fully operational in research and teaching at RWTH Aachen University.
Hence, E.ON ERC can be considered as the Ƅrst interfaculty center at RWTH Aachen University, demonstrating how
interdisciplinary research can be established within university structures to research and study global questions. E.ON ERC
clearly demonstrated that interdisciplinary research ƅourishes when it takes place under one roof, i.e. in a real (not virtual)
research center in which the different disciplines act together and learn from each other.
E.ON ERC continues to play an exemplary and leading role in the development of the RWTH Integrated and Interdisciplinary
University. In particular, Prof. Madlener, Prof. Sauer and Prof. De Doncker are currently elected members of the Steering
Committee of the RWTH Strategic Research Area “Energy, Chemical and Process Engineering (ECPE)”. Within the scope of
ECPE, they are representing E.ON ERC, their faculties and respective research clusters to deƄne the ECPE research targets
of RWTH University. Furthermore, E.ON ERC and its institutes are co-directors of several newly established I3: for example the
Center for Mobile Propulsion (CMP) and the Center for Wind Drives (CWD).

E.ON ERC and the Jülich Aachen Research Alliance (JARA) - Under impulse of Prof. De Doncker, the formation of the JARA
Energy section was initiated in 2006 to explore a research alliance in the energy research sector. During the period 2007-2016,
E.ON ERC took a leading role at RWTH University in the creation of JARA Energy. At its Ƅrst section meeting more than 55
institutes participated. Currently, 75 institutes are members of JARA Energy and therefore making it the largest JARA Section.
The cooperation with JARA Energy made clear that the energy research landscape at RWTH and Jülich is very diverse. On
the one hand, this allows JARA Energy to tackle almost any problem. On the other hand, it was a challenge for the Energy
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Section to develop a clear proƄle that Ƅts the German research landscape, which,
under impulse of the Energiewende, was in a constant change. Today, the main
research competences have been identiƄed (see Energy Landscape insert) and the
priorities and action Ƅelds for JARA Energy have been deƄned. Among these, energy
conversion, storage systems, transportation and energy grids, energy economy and
energy system analysis are of great signiƄcance. Since 2011, Prof. Madlener and
from 2014 onwards, Prof. Sauer were directors on behalf of RWTH of JARA Energy.
Clearly, E.ON ERC played and continues to play a leadership role in JARA Energy.
Furthermore, the Institute for Applied Geophysics and Geothermal Energy (GGE) of
Prof. Clauser, is an active member in JARA High Power Computing (JARA HPC). In
JARA-HPC scientists unite the specialized know-how of highly parallel computing of
supercomputers with the respective special knowledge and expertise of physicists,
engineers, and other scientiƄc disciplines. In doing so, they considerably contribute
to making full use of the opportunities computer simulations offer to address
complex scientiƄc problems. In particular, GGE uses this computational power to
develop engineered large-scale gas and heat reservoirs.

An E.ON ERC gGmbH funded project, entitled “Energy Landscape”
developed a database to identify
all RWTH and Jülich institutes that
deal with energy research and
chemical processes. The database allows internet visitors to
search all the institutes that work
on a speciƄc energy related topic
or whom to contact for speciƄc
questions by key words. This database has been handed over to
the ECPE Steering Committee and
JARA Energy. The database can
be found with this link:
w w w.e n e r g y l a n d s c a p e.r w t h aachen.de

Fig. 4: RWTH Vision on how industry partners work in Campus Integrated Interdisciplinary Institutes (CI3) together with the RWTH Institutes and
Centers (I3) to accelerate innovation

Fig. 5: Six starting clusters at RWTH CAMPUS. The Ƅrst Cluster that was approved was the CAMPUS Cluster Sustainable Energy, led by E.ON
ERC
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E.ON ERC and RWTH CAMPUS- Driving Innovation with Industry - Being a technical, predominantly engineering university,
RWTH Aachen University strives to accelerate innovation by close cooperation with its industrial partners. To achieve this, the
RWTH CAMPUS concept was founded to facilitate industry cooperation (see Fig. 4). In the RWTH CAMPUS CI3 centers, industry
and university researchers meet and work together. To coordinate the innovation activities of these centers around speciƄc
research areas CAMPUS Clusters, as illustrated in Fig. 5, were deƄned. In total, six clusters were deƄned by the end of 2007.
Actually, the Ƅrst cluster to be approved by the rectorate was the CAMPUS Cluster Sustainable Energy, headed by Prof. De
Doncker. E.ON ERC became the lighthouse center in this Campus Cluster. Furthermore, E.ON ERC is active in the Cluster Heavy
Off-road Drivetrains through its Center for Wind Drives and cooperates in the area of smart city projects in the Cluster Logistics.

E.ON ERC Achievements in 2007-2016
Three new endowed chairs and Ƅve new institutes were establisched in record time. Three new endowed chairs were deƄned and
internationally announced. The corresponding faculties were able to execute the selection process in record time. By middle of
2008 all chairs were occupied with full professor positions (see Fig. 6). In 2007, the Faculty for Economics Science and Business
appointed Prof. Reinhard Madlener for the research area Future Energy Consumer Needs and Behavior (FCN). Also in 2007,
the Faculty of Mechanical Engineering nominated Prof. Dirk Müller for the research area Energy EfƄcient Buildings and Indoor
Climate (EBC). In 2008, the Faculty for Electrical Engineering and Information Technology was able to appoint Prof. Antonello
Monti and Prof. Ferdinanda Ponci for the research areas at the Institute for Automation of Complex Power Systems (ACS).
RWTH Aachen University nominated Prof. Christoph Clauser for the research area Geothermal and Geoscience Engineering
(GGE), while Prof. Rik De Doncker and Prof. Dirk Uwe Sauer were to lead the research area (small scale) Power Generation and
Storage Systems (PGS) together. PGS is a spin-out of the Institute for Power Electronics and Electrical Drives (ISEA), where both
Prof. De Doncker and Prof. Sauer continue conducting research in the areas of low-voltage power conversion systems (power
electronics) and mobile electro-chemical storage systems (mostly electric vehicles and propulsion systems). With the strong
support of experienced staff and the resources that were provided by ISEA, the forming of the center, in particular its central
ofƄces and support structure, went swiftly.

Fig. 6: The Ƅve E.ON ERC institutes belong to four different RWTH Faculties and cooperate as an integrated interdisciplinary institute

With the Ƅnancial support of the gGmbH, i.e. initial equipment funding and research projects, all Ƅve institutes grew very fast
in personnel and total external funding and publications (see Fig. 7-9). In part due to the success and the sustained research
funding by the individual professors at E.ON ERC, the Faculty of Electrical Engineering and Information Technology (ET&IT)
agreed to elevate Prof. F. Ponci to Associate Professor in 2015. In addition, the faculty elevated Prof. D.U. Sauer to Full Professor
in 2012. As a result, from 2009 onwards research and teaching at E.ON ERC is conducted by seven professors. Currently, more
than 115 research assistants, i.e. Post Docs and PhD candidates, are supporting research and teaching duties at E.ON ERC.

E.ON ERC Organization and Central OfƄces
To be effective as a center and enhance productivity, all common activities were centralized in the “Central OfƄces”, i.e. the
administration (accounting, book keeping, controlling, center secretariat), ICT and the mechanical and electrical workshops. The
Central OfƄces, under leadership of Dr. Sabine Vogel, directly support the center’s and the institutes’ administration, general
infrastructure and maintenance and acquisition of equipment (Fig. 10).
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Fig. 7: Development of personnel at E.ON ERC (2011-2016)
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Fig. 8: Development of research grants at E.ON ERC (2011-2016)
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Fig. 9: Publication record of E.ON ERC (2011-2016)

Fig. 10: Organizational structure of E.ON ERC
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Fig. 11: E.ON ERC Interim Building, housing the center from 2009 till

Fig. 12: E.ON ERC Test Hall features 750 m2 for energy efƄcient

2011

building technology (EBC) and 250 m2 for 5 MW medium-voltage drive
and converter test facility (PGS)

Fig. 13: Pictures of E.ON ERC Main Building, showing the open space architecture where researchers of different institutes meet
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Infrastructure and Equipment
During the Ƅrst Ƅve-year period all infrastructure, according to the PPP agreement, i.e. 1000 m2 Test Hall, 1,500 m2 Interim OfƄce
Building (of which 500 m2 remains allocated to the E.ON ERC Center Director to provide space for lighthouse projects) and 5,000
m2 Center Main Building was constructed (see Ƅgure 13). An application for Ƅnancial support to RWTH Aachen University for
the Main Building and the Test Hall was submitted in 2007 and was granted in 2007 through the so-called 91B Center Building
Program of the German Federal Government. Both the German Federal Government and the Ministry of Education and Science
of the State of North-Rhine Westphalia equally share the infrastructure cost.
Thanks to the expertise of Prof. Müller, the Main Building is an experiment of an energy efƄcient building with in-door climatization
on its own right >3@. An innovative underground heat storage system (with 40 bore holes) was proposed by Prof. Clauser and
installed >4@. The building is a demonstration site for two EU projects and its performance will be monitored over several decades.
Furthermore, PGS has access to a 1000 m2 clean room to develop and build, in cooperation with ISEA and the micro-electronic
institutes of the ET&IT faculty, high-power silicon semiconductor devices, such ICT, IETO and dual GCT (Fig. 14).
Major laboratory equipment was purchased, developed and installed. The BMBF Large Equipment Fund provided Ƅnancial
support to upgrade the RTDS real-time grid simulator of ACS. This allowed Prof. Monti to develop a real time simulator platform
that is the largest of its kind in Europe to analyze the dynamic behavior of electrical networks >5@. The E.ON ERC gGmbH
foundation supported the construction of a high-temperature and high-pressure laboratory at GGE to measure rock properties
under realistic conditions. Similarly, FCN developed a laboratory to analyze through questionnaires and enhanced computer
animation consumers’ behavior and their response to new technologies. As part of the Test Hall Building grant, PGS was granted
the Ƅnancial support to construct a unique 5 MW medium-voltage (5 kV) test facility for inverters, high-speed drives (generators)
and DC-to-DC converters. Without support of the PPP, EBC would not have been able to build in the Test Hall the extensive and
unique test facilities it has today. With these test facilities, the team of Prof. Müller can characterize under realistic conditions
heat pumps, combined heat and power systems, air conditioning systems, heat storage devices for building and cabins, such
as EVs and aircrafts.

E.ON ERC Publications and Webpages
The center’s publications, i.e. brochures, annual reports, PhD theses and gGmbH project reports, are accessible through the
webpages or the RWTH digital library. The reports that are published through the center carry an ISSN series number. More than
37 such reports are available through the E.ON ERC webpages and can be found under the header Publications of the E.ON
ERC webpages2. Since 2013, a quarterly center Newsletter has been published (Fig 15).
E.ON ERC Series: https:www.eonerc.rwth-aachen.de.

Fig. 14: E.ON ERC large equipment and laboratories
2. E.ON ERC webpages can be found at www.eonerc.rwth-aachen.de.
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Fig. 15: Center publications have a clear corporate identity

E.ON ERC Annual Meeting
In 2008, the Ƅrst ScientiƄc Advisory Board (SAB) Meeting was organized. During the Ƅrst meeting, ithe decision to organize an
Annual Meeting in conjunction with the SAB meeting was made. Next to presentations by E.ON ERC institutes, presentations
are also given by SAB members. Poster sessions are organized by research assistants to show their research activities. At the
Annual Meeting, guests from industry, RWTH Aachen University, JARA and from public are invited. The Ƅrst Annual Meetings
focused on one of the Ƅve main research areas of E.ON ERC. Since 2013, the main focus of the annual meeting became the
sustainability of energy supplies for the urban environment.

The E.ON ERC International Energy Cooperation Program (IECP)
To maintain long-term international contacts, in particular with the SAB members’ home institutions, E.ON ERC created the
“International Energy Cooperation Program (IECP)”. MOUs have been signed between E.ON ERC and 14 renowned research
institutions or centers. In all cases, coordinators are identiƄed at E.ON ERC and the cooperating institution in the same Ƅelds
of interest as the E.ON ERC professors. This “bottom up” approach already provided many positive results. Main goal is the
exchange of experience and research staff. In most cases, RWTH International OfƄce and faculties joined the MOU or amended
the IECP MOU with existing MOUs to exchange master students in projects >6@. Many students took the opportunity to spend
a year or semester abroad with IECP. For example, a research exchange in Raleigh at North Carolina State University was as
successful as the exchange of two RWTH students who wrote their Master theses at the University of Birmingham.

Fig. 16: Overview of IECP partner institutions
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E.ON ERC Large Joint Projects
Many large joint research projects in the main research areas of E.ON ERC, i.e. researching, analyzing and developing solutions
for a sustainable energy supply and efƄciency in the urban environment, were conducted successfully over the past ten years.
These projects were reported in our annual reports >7@. In the following, some large projects are selected as they stand out for
each of the main research Ƅelds of E.ON ERC.

Flexible Electrical Networks Research Campus
The aim of “Forschungscampus FEN3” is to develop an intelligent and ƅexible power grid in response to the changes of the
electrical supply system that occurred in recent years. The existing electrical grid was designed for a top-down transmission
and distribution of electrical energy produced by few large central power stations. Today, many small-scale decentralized power
sources, like combined heat and power systems, wind farms and PV systems, are integrated into the electrical supply system.
Since market liberalization, many consumers have become so-called “prosumers”. These developments require new grid
topologies and technologies that provide more ƅexibility to distribute electricity in a secure and affordable way, even when high
shares of ƅuctuating, renewable and decentralized energy sources are present.
The interdisciplinary research topics of Forschungscampus FEN concentrate, among other, on the integration and development
of direct current technology (dc) at all voltage levels and on grid automation solutions for electrical grids that leverage on modern
ICT-technology. Forschungscampus FEN, located in the RWTH CAMPUS Cluster Sustainable Energy, is an association of Ƅfteen
institutes of RWTH Aachen University and more than 25 industrial partners that work together “under one roof”. All Ƅve E.ON
ERC institutes are involved in FEN research projects. This joint research of academia and industry within Forschungscampus
FEN allows an intensive exchange of knowledge between the partners and promotes innovation. Thanks to this cooperation it
is possible to look at electrical grids in their entirety. The concept of Forschungscampus, i.e. research campus, was conceived
by the Federal Ministry of Education and Research (BMBF) to establish public private partnerships between research institutions
and industry to drive innovations. In the Ƅrst Ƅve year phase, the RWTH R&D projects are funded by BMBF with b10 million.

Fig. 17: The development of a MVDC CAMPUS Grid, interconnecting several large test laboratories, is a one of the main projects undertaken
by Forschungscampus FEN
3. Forschungscampus; German for Research CAMPUS.
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Fig. 18: FINESCE - Field tests for FIWARE in the energy sector: (1) the demand-response and demand-side management in mixed-use buildings
in a city district of MalmÓ, Sweden, (2) efƄcient grid utilization through demand-side management of prosumers in Horsens, Denmark and
Madrid, Spain, (3) industrial demand-response within a cross-border Virtual Power Plant (VPP) in Aachen, Germany, (4) energy marketplace for
demand-response in presence of varying energy production from Distributed Energy Resources (DER) in Terni, Italy, and (5) control of electrical
vehicle charging to balance DER supply and improved utility communications in Ireland

FINESCE - Advanced ICT for Smart Energy
A major trend in the world of digitalization is the convergence of the separate branches of mobile communications, data
processing and the internet into a set of common cloud-based technologies called the Future Internet (FI), which are robust
enough for industrial applications. The EU Commission has sponsored the European FI industry through the Future Internet
Public Private Partnership4 to develop FIWARE5. FIWARE is a common, open middleware platform providing FI infrastructure to
develop FI applications.
SpeciƄcally for the energy sector, the project Future Internet Technology for Smart Energy (FINESCE)6 was initiated to test
FIWARE in the so-called Smart Energy Domain. Generic enablers (GEs) for the Internet of Things, data management, security
and cloud infrastructure have been developed and integrated in separate FINESCE Ƅeld trials. Most notable Ƅeld trial areas are
illustrated in Figure 18.
Data from these live Ƅeld trials has been made freely accessible through an open FINESCE application for experimentation by
interested parties. In addition, FINESCE has published the new software components developed for the Ƅeld trials as opensource software. It is anticipated that the experiences gained with FINESCE stimulate many new start-ups to use FIWARE
as a middleware platform to develop new Smart Energy applications. The E.ON ERC institutes ACS and EBC contributed to
FINESCE, with Prof. Monti acting as Technical Manager of the EU project. FINESCE is funded by the European Union’s Seventh
Framework Program for Research, Technological Development and Demonstration under grant agreement No. 604677.

Energy Saving Potential in Refurbished Dwellings - Lessons Learned from Field Test
This project focuses on the holistic renovation of three buildings within a Ƅeld test in Southern Germany. The buildings, built
at the end of the 1950s, have been retroƄtted with seven different refurbishment layouts. The layouts differ by insulation and
engineering systems. An installed monitoring system collects comfort and air quality conditions in rooms as well as data about
energy ƅows at the delivery, distribution, storage and generation levels. Main goal of the project is the analysis of energy
performance of buildings under real conditions, determined by technical factors as well as occupants’ behavior.
4. see www.Ƅ-ppp.eu for information on the EU Future Internet Public Private Partnership.
5. see www.Ƅware.org for information on FIWARE.
6. see www.Ƅnesce.eu for information on FINESCE.
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Occupants’ behavior has been identiƄed as one of the causes for the energy performance gap (with values up to 287 based
on the predicted calculated savings). Further causes are faulty installations and malfunctioning of technical apparatus. The
project conƄrmed the importance of accurate monitoring of the complex technical equipment of buildings in order to realize the
predicted energy savings.
This project was supported by the Federal Ministry for Economic Affairs and Energy (BMWi) under promotional references
03ET1105A and 03ET4004.

All Electric Home - eHome
Consumption of electrical energy at the location where it is produced, in particular PV systems that are installed in the distribution
grid, results in more efƄcient use and more eco-friendly production of electricity. Furthermore, the lower installation costs of
distributing electricity in comparison with, e.g. thermal energy via copper pipes, leads to a preference to consider more electrical
equipment, also for HVAC functions in the house. Hence, fully electriƄes buildings and homes (eHome) that are well insulated are
becoming of interest, also in Europe. Furthermore, the fast responding electrical systems address many grid challenges that are
linked to the volatile feed-in of renewable sources. This can be achieved by better management of electrical appliances and by
utilizing the structural thermal mass of buildings as energy storage.
The eHome can effectively host a nanogrid in which new power electronics technology integrates renewable energy sources,
energy storage, heating and cooling units, lighting and electronic loads in a way that is more convenient, efƄcient and reliable
than ever before. Since most of the household appliances and renewable energy sources, e.g. PV are inherently operated with
direct current (DC), a DC nanogrid has better efƄciency than its AC counterpart.
The project “eHome” takes the Ƅrst steps to convert conventional AC houses to futuristic DC smart homes (see Fig. 19). The
envisioned DC home has all thermal systems powered by electricity. Domestic hot water (DHW) is supplied either by a heat
pump or an electric resistance heater. Direct electrical heating is used in form of surface heating systems, with fast reaction time,
and concrete core activation systems, which increase the thermal ƅexibility of the building. The electrical surface heating can
warm up space more precisely where needed and ,being a fast turn-onturn-off heating device, can adapt to the occupancy
of each zone in the house, thus reducing the total power consumption when a zone is not in use. Coupled with an innovative
tracking system and automation architecture, it can provide a high comfort level without any adjustment by the users.
The eHome Ƅeld demonstration takes place in the existing Counter Entropy House, originally built for the Solar Decathlon
contest 2012 in Madrid, Spain. The house is located at the campus of Forschungszentrum Jülich. The outcomes of lab and
Ƅeld demonstrations will be used to promote the fully electrical house “eHome” and to take the initiative in proposing new
standardization that is necessary for deploying such systems in residential buildings. The eHome project has been funded by a
grant of the E.ON ERC gGmbH.

Fig. 19: Future homes become electriƄed for heating and cooling. Main appliances as well as HVAC equipment, storages and electric vehicles
are fed via a DC power bus drawing energy from PV panels
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M5BAT – The Modular Multi-Megawatt Multi-Technology Medium-Voltage Battery Energy Storage
System
The BMWi project M5BAT is about planning, building and operating a 5 MW, 5 MWh battery energy storage system (BESS). Its
main goal is to increase the economic viability of BESS by evaluating the different project phases, Ƅnd cost reduction potentials
and analyze its revenue streams. The system consists of 5 different battery technologies, in particular two different lead-acid
battery types and three different lithium-ion battery types.
M5BAT was inaugurated in September 2016 >8@. Under leadership of Prof. Dirk Uwe Sauer, E.ON ERC conducts the project
together with the institute of Power Systems and Energy Economics (IAEW) and the industrial partners Uniper AG, Exide
Technologies GmbH’s division GNB Industrial Power and SMA Solar Technology AG. IAEW and the institutes EBC and PGS of
E.ON ERC are carrying out the scientiƄc work program.
The electrical power consumption of the heating, ventilation and air conditioning (HVAC) system causes the largest share of
the BESS’s self-consumption. Therefore, EBC takes a detailed look at the BESS‘s thermal energy ƅows. Thermal models for
all battery types are developed and validated using thermal monitoring. The derived models serve model-predictive control
algorithms to minimize the power consumption of the HVAC system during operation of the battery system. Furthermore, the
potentials of waste heat usage to improve the battery’s value chain are investigated. Waste heat usage might be interesting when
integrating BESS into urban energy systems, city districts and large-scale building energy systems.
The division Power Electronics and Electrical Drives (PED) of PGS is carrying out a two-fold analysis of the power electronic
interfaces for such BESS. One aspect deals with the optimized operation of the conventional approach using a low-voltage
(LV) inverter followed by a step-up transformer. The considered topologies are the two-level, three-level Neutral-Point-Clamped
(NPC) and T-type NPC converters. The second aspect of the PGSPED investigation pertains to the novel concept of mediumvoltage (MV) voltage-source converters (VSCs) and dc-to-dc medium-frequency converters. The main aim of this concept is
to improve efƄciency and reduce size and cost by eliminating the bulky line-frequency step-up transformers. The considered
step-up dc-dc converters are the three-phase dual-active-bridge (DAB3) converter and its variants especially suitable for MV
applications. For the MV inversion stage, NPC and modular multilevel converter (MMC) topologies are modeled, analyzed and
evaluated.
Moreover, the division of Electrochemical Energy Storages (ESS) of PGS is investigating the cost structure of the BESS to
improve its economic viability. To achieve that, ESSPGS is carrying out battery performance and ageing tests in its laboratories
to identify each battery type’s characteristic parameters. From these, sophisticated battery models are derived to develop
real-time model-predictive-control (MPC) optimization of the hybrid BESS operation. This MPC aims at minimizing the total life
cycle-costs of the BESS operation by manipulating the load allocation among the different battery types in an intelligent manner.
Additionally, ESSPGS contributes to operation concepts and examines the BESS’ operation. The cost structure from all project
phases will be analyzed and evaluated to develop design considerations for MW-scale BESS. E.ON ERC operates M5BAT and
has the intention to keep operating M5BAT over its lifetime, i.e. long after the BMWi project has been completed, to assess its
life cycle costs.
Battery storage systems will play an important role in energy systems for short-term compensation of ƅuctuations of renewable
power. For this reason, M5BAT received a total of EUR 6.7 million from the “Energy Storage Funding Initiative” of the German
Federal Ministry for Economic Affairs and Energy (BMWi). In June 2016, the KlimaExpo.NRW also recognized M5BAT as a
project of special signiƄcance for climate protection.

Fig. 20: The M5BAT building houses Ƅve battery strings, each storing 1 MWh. The Ƅve grid side inverters can deliver each 1 MW of electrical
power to provide primary energy control
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MeProRisk-II - Optimization Strategies and Risk Analysis for Deep Geothermal Reservoirs – A
Proof of Concept
MeProRisk is a joint project of RWTH Aachen University, FU Berlin, CAU Kiel, Bergakademie Freiberg and FSU Jena, together
with a consulting Ƅrm (Geophysica GmbH). The primary goal of the project is an improved understanding of heat transport and
water circulation in deep geothermal reservoirs.
At E.ON ERC, under leadership of Prof. C. Clauser, GGE conducts numerical simulations of heat transport and water ƅow in
several geothermal reservoirs to assess their geothermal potential. Additional work packages deal with theoretical work on
inversion of temperature measurements in boreholes with respect to the shape parameters of geological layers for estimating
reservoir properties. Four geothermal sites are studied in detail: (1) the Perth Metropolitan Area, Australia, in cooperation with the
Western Australian Geothermal Centre of Excellence, with respect to a geothermal cooling system of a supercomputer center;
(2) a region in southern Tuscany, explored by Enel Green Power for geothermal electricity generation; (3) a medium enthalpy
region in Campania, Italy, together with the VIGOR Group of the National Research Council, Italy, to promote geothermal energy
use in regions of weak economic structure; (4) an area near the town of Tønder in Southern Denmark for an appraisal of a
planned geothermal doublet.
This variety of different geothermal reservoir types, each posing unique scientiƄc problems, demands diverse approaches by the
researchers, often including complex numerical reservoir models. For this purpose, GGE’s in-house code SHEMAT-Suite was
further developed and optimized for high-performance parallel computing on large-scale computer clusters by project partners
at the University Jena.
To better understand and visualize such processes, GGE worked closely with researchers from the Virtual Reality Group of
RWTH Aachen University. Their software VISTA enables ssessment on-the-ƅy of temperature proƄles (see Fig. 21) or groundwater
ƅow in the whole reservoir, by inserting massless particles. Those particles move along ƅow vectors, and help researchers to
immediately identify striking areas in the model.
The MeProRisk-II project was funded by the Federal Ministry for Economic Affairs and Energy (BMWi) under grant 0325389.

Fig. 21: Virtual reality visualization tools developed at RWTH Aachen University to assess temperature and water ƅow in large geothermal
reservoirs
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Fig. 22: Showing the borehole placements around the E.ONERC Main Building and thermal simulations of temperature and heat ƅow in
boreholes

Exergy - Optimized Management of E.ON ERC’s Main Building Low-Temperature Geothermal Field
One challenge in modern construction is to reduce energy and heating costs. An exergetically optimal energy use within a
low-temperature energy system can approach this issue. GGE and EBC cooperate towards the sustainable integration of E.ON
ERC main building’s geothermal Ƅeld into its energy system, while trying to adjust energy ƅows and energy use as efƄcient as
possible. More precisely, the aim of GGE in this project is to establish a 3-D subsurface model for the long-term prediction of
geothermal-energy use. EBC is aiming towards a control strategy for the building energy system with a minimal exergy loss
using GGE’s geothermal predictions. This can be achieved via an integrated approach for the geothermal Ƅeld and the energy
conversion system.
Around the Main Building, forty boreholes with debts up to 120 m have been installed for heat extraction or storage using highefƄcient heat pumps. From an economical point of view, the immense costs of geothermal Ƅeld installations aggravate the issue
of efƄcient and sustainable operation, since the Ƅeld has to keep its relatively low operation cost throughout the buildings lifetime.
This is only possible due to a balanced Ƅeld operation that prevents overuse of the geothermal reservoir.
Four main ingredients drive the research project‘s approach: (1) the possibility of a dynamic Ƅeld operation, meaning a variable
volume ƅow for each single borehole heat exchanger (BHE) of the geothermal Ƅeld, (2) detailed sensor measurements of the
Ƅeld and building operation, (3) system and building models to calculate and predict the forthcoming energy needs and the
consequences of different operation parameters and (4) a control strategy that is able to vary the geothermal Ƅeld’s integration.
To provide dynamic Ƅeld integration, automatic ball valves offer the opportunity to adjust the volume ƅow of each BHE. Together
with a volume ƅow sensor in each BHE, the actuators offer the possibility to control the volume ƅow automatically. Temperature
sensors in inlet and outlet enable an energy-oriented control. Furthermore, control regimes account for friction-optimal operation
and for uniform volume ƅow operation, meaning the same volume ƅow for each BHE. The brine pumps adjust the volume ƅow,
pressure or temperature difference remotely. The Ƅeld automation and control is integrated in the building management system,
which stores all measurement data into databases for analysis and constant monitoring.
Simulations are used to predict the inƅuences of different control strategies towards energy efƄciency. The simulations are based
on a subsurface model in an area of 140 × 80 meters and a depth of 130 meters. SHEMAT, a simulation tool developed by GGE
for coupled ƅow, heat transfer, transport and chemical water-rock interaction, carries out the simulations for the geothermal Ƅeld.
This sets more-precise boundary conditions for the heating and cooling operation. On the building side, EBC uses Modelica and
Simulink to carry out simulation of the physical components and for control logics respectively.
The outcomes of the project are (1) demonstrating an innovative integrated operation methodology, (2) advanced geology,
building and system related simulation models, (3) novel building control strategies, as well as (4) advances in communication
interfaces and technologies between the different instances.
We gratefully acknowledge the Ƅnancial support of the German Federal Ministry of Economic Affairs and Energy (BMWi),
promotional reference 03ET1022A.
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Fig. 23: Delivery of parcels in cities using E-mobility will reduce emissions, thereby improving air quality and quality of life in urban environments

Testing E-Mobility in Fleet Operations – CO2-Free Delivery in Bonn – “CO2 Go Green”
Electric drivetrain technologies play an important role for delivery ƅeets in the light of rising fuel prices and steadily tightening CO2
and other pollutant emissions legislation. In addition, parcel shipment volumes are increasing due to the increase in electronic
commerce. The overall goal of this joint research project is, therefore, to identify the operational suitability of a large-scale ƅeet
of electric delivery vans under a variety of operating conditions (seasonality, daily mileage, charging strategies) over a ten-year
operating life.
Even though the number of electric vehicles (EVs) used for city logistics is increasing, the question remains to what extent light
duty battery EVs are shifting the environmental burden of air pollutants further up the supply chain, i.e. to battery production and
power generation. Therefore, FCN assessed the life-cycle costs and emissions of an EV postal delivery ƅeet in inner city districts.
In addition, FCN is modeling the degree of technology acceptance among the delivery personnel.
The research at PGS and the institute for Power Electronics and Electrical Drives (ISEA) covers the estimation of technical,
economic and ecological effects of ƅeet and charging infrastructure operation with respect to battery degradation and
performance. In particular, PGS is estimating the daily driving cycles and hence driving distances. Models for energy consumption
of EVs operated in distribution services were developed. Furthermore, charging strategies are optimized from an overall cost
perspective, regarding battery degradation and electricity cost. The impact of charging strategies on grid and grid stability as
well as possibilities for ancillary services of EV ƅeets are evaluated.
Empirical data is being recorded during a Ƅeld trial of Deutsche Post DHL in Bonn, in three operational areas of delivery systems
including letters and parcels. Funding is being provided by the Federal Ministry for the Environment, Nature Conservation and
Nuclear Safety (BMU), based on a resolution of the German Parliament; promotional reference: 16EM1032. This four-year project
ended in December 2016.
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Chapter I
Building the Future on Today´s Building Stock

Building the Future on Today´s Building Stock
Prof. Dr.-Ing. Dirk Müller
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PRWLYDWLRQWRLQFUHDVHWKHVKDUHRIUHQHZDEOHHQHUJ\E\EDODQFLQJH[LVWLQJPLVPDWFKHVRIHQHUJ\VXSSO\DQGGHPDQGWKHUHLV
JURZLQJLQWHUHVWWRFRQVLGHUDOOSDUWVRIDQXUEDQDUHDpVHQHUJ\ODQGVFDSHDVRQHKROLVWLFXUEDQHQHUJ\V\VWHP
2QHGHƄQLWLRQIRUVXFKDQXUEDQHQHUJ\V\VWHPLVJLYHQE\>@DVqfDIRUPDOV\VWHPWKDWUHSUHVHQWVWKHFRPELQHGSURFHVVHVRI
DFTXLULQJDQGXVLQJHQHUJ\WRVDWLVI\WKHHQHUJ\VHUYLFHGHPDQGVRIDJLYHQXUEDQDUHDr7KLVGHƄQLWLRQKDVDOVREHHQWDNHQXS
E\RWKHUDXWKRUV>@>@>@5HJDUGLQJWKHWHUPoXUEDQDUHDpLWZRXOGEHSRVVLEOHWRUHO\RQWKH(XURSHDQ&RPPLVVLRQpVGHƄQLWLRQRI
FLWLHV>@$PRQJRWKHUFULWHULDIRUDQXUEDQDUHDWREHFRQVLGHUHGDFLW\DWOHDVWKDOIRILWVLQKDELWDQWVDQGDWOHDVWSHRSOH
PXVWEHOLYLQJZLWKLQDQXUEDQFHQWHU:KLOHWKLVGHƄQLWLRQLVXVHIXOIRUFRPSDULVRQVRIFLWLHVDFURVVGLIIHUHQWFRXQWULHVZHDUJXH
WKDWIRUXUEDQHQHUJ\V\VWHPDQDO\VHVDOVRVPDOOHUFLWLHVDQGWRZQVFDQEHRILQWHUHVW7KHUHIRUHZHVXJJHVWDEURDGHUYLHZ
RQXUEDQDUHDVWRLQFOXGHDQ\VLJQLƄFDQWVSDWLDOFRQFHQWUDWLRQRIHQHUJ\VHUYLFHGHPDQGVIURPPXOWLSOHEXLOGLQJVWKDWDOORZVIRU
PHDQLQJIXOHQHUJ\V\VWHPDQDO\VHV

)LJ1XPEHURIGZHOOLQJVSHUGLIIHUHQWFRQVWUXFWLRQSHULRGVLQ*HUPDQ\>@WKH1HWKHUODQGV>@8QLWHG.LQJGRP>@DQGWKH8QLWHG6WDWHV
of $PHULFD>@
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Fig. 2: Average ƅoor space per dwelling unit in the four countries

In part, the motivation for a holistic urban energy system approach is caused by changing energy markets and the spread of new
technologies. As the share of distributed and renewable energy sources in the electric grid increases, their decentralized feed-in
may cause additional strain on existing distribution grids, while their temporally-ƅuctuating supply patterns increase the need for
new solutions to balance supply and demand. In addition, the boundaries between dedicated energy infrastructures for single
forms of energy or individual buildings are increasingly blurred. Examples for technologies bridging these boundaries are local
microgrids (for electricity as well as for heating and cooling), combined heat and power generation equipment, electric vehicles,
heat pumps and absorption chillers as well as ‘power-to-x’ concepts like power-to-heat or power-to-gas.
Considering the overall background outlined above, we must emphasize that there is no general lack of energy in the future.
The potential for renewable energy resources is huge and the efƄciencies of energy conversion from solar, wind and geothermal
resources are still increasing. However, humankind must tackle the man-made emissions problem immediately. The air pollution
level in many urban areas is unacceptable and the potential for long term damage to the climate must be limited as far as
possible. In this sense, the developments for future buildings and the conversion processes for urban areas should be focused
on lowering total emission levels. These efforts will include all kinds of renewable energy resources and energy conservation
measures.
In the following chapters, we will compare the actual status and upcoming tasks for four different building stocks using data from
Germany, United Kingdom, United States of America and the Netherlands.

Today´s Building Stock

Fig. 3: Distribution of housing into rural and urban regions (For Germany, UK and the USA the total ƅoor area is taken into account, for the
Netherlands the number of dwellings)
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Fig. 4: Share of privately used and rented residential property

Reliable facts, Ƅgures and a good knowledge of the national building stock are needed to develop effective concepts and
strategies for future energy supply. Within the conversion process in the building sector, the existing building stock plays a
signiƄcant role. Figure 1 gives an overview on the numbers of existing residential buildings as a function of time in years, for each
of the four countries >8@>9@>10@>11@. In this set, the Netherlands have the smallest total number of dwellings whereas the US has
the highest number. The diagram clearly shows differences in the distribution over the decades and between the four countries.
The Netherlands, Germany and the United Kingdom have a more uniform distribution of construction periods compared to the
United States of America. Until 1978, the dwellings in Germany and the United Kingdom are distributed almost equally over
all construction periods. Then, there is a gap in both distributions, which in the United Kingdom extends till the year 1990. In
Germany, there is an increasing number of dwellings within the construction periods 1984 – 1994 and 1995 – 2001 and then it
declines again from 2002 onward.
Within the building age class distribution in the Netherlands, there are fewer dwellings from the period after the Second World War.
All other construction periods are well represented, and there is also a smaller number of dwellings in the younger construction
classes.
The distribution of the construction periods in the United States of America differs signiƄcantly from the distribution of European
countries. Most of the dwellings are constructed in the 1950s and early 1970s. Afterwards, a signiƄcant reduction in construction
activity can be seen. The Ƅnancial crisis in 2009 led to a further reduction in construction output in the United States of America.
A comparison of the ƅoor area per dwelling unit in the four countries >12@>13@>10@>14@ is shown in Figure 2. In Germany and the
United Kingdom, the average housing units are slightly smaller than in the Netherlands and much smaller than in the United
States of America. In the United States of America, the housing units are about 70 larger than in the European countries shown
here.
Further differences are seen in the distribution of housing into rural and urban regions >15@>16@>11@. As shown in Figure 3, over 80
 of the constructed living space as measured by ƅoor area is in urban areas in the United Kingdom and the United States of
America. In Germany, only a little more than 60  of the constructed living space is allocated to the urban area. In the case of the
Netherlands, the rural area dominates with a total share of almost 60 , but note that this is measured in terms of the number
of dwellings (not habitable ƅoor area).
However, in these differences it must be noted that in countries with less area per inhabitant, there are often smaller distinctions
between town and country building structures. For example, there are many villages in Germany close to larger cities which may
be assessed as part of an extended urban region.
Another difference, which is important for the refurbishment of the building stock, is shown in the evaluation of ownership >12@
>17@>10@>11@. Figure 4 displays the share of privately owned and rented residential property, in each of the four countries. In the
United Kingdom and the United States of America, more than 60  of the housing units are owned by residents. In Germany
,the rented residential property sector represents over 50  of the housing market and plays a much larger role compared to
other countries.
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Fig. 5: Primary energies used for heating and hot water

This very simple comparison of the building stock in the four countries already clearly shows that there are considerable
differences in the building structure, even if all four countries belong to the Ƅrst world. This means that concepts for energy
retroƄt procedures related to the building envelope cannot simply be transferred from one country to the other. In Europe, many
regions have a very old building stock, representing an important part of its own building culture, especially in the cities. Many
older buildings are classiƄed in terms of historical signiƄcance and energy refurbishment of the building envelope. Therefore, it
becomes very time consuming and expensive, if permitted at all.
The United States of America have the most housing units in construction periods from 1950 to 1979, which have often been
built with technically simple façade structures. An intensive refurbishment of this part of the building stock would have a direct
impact on the energy consumption of the whole building sector. An evaluation of the area per residential unit also shows that
there is great potential for a space utilization in the United States of America. However, for a more detailed analysis, the regional
differences and the area use must be analysed in more detail.
In three countries, most residential units are already located in urban areas. Only the Netherlands are an exception. The urban
regions are of special importance for the energy refurbishment of the building stock, especially since more complex energy
supply systems can be used in urban regions. The analysis of ownership shows that private investments in refurbishment
measures in the United Kingdom and the United States of America are needed. Particularly in Germany, the landlords are the
key players for energy refurbishment investments, as more people live in rented residential units. In the economic assessment of
refurbishment measures, the economic evaluation must be considered country by country.

Final Energy Use in Buildings
In addition to the building stock in the four countries, the energy supply of the buildings is compared >18@>19@>20@>21@. Also for this
aspect, clear differences become obvious which can affect the possible refurbishment strategies. Figure 5 shows the primary
energy sources used for heating and hot water production in the four countries.
SigniƄcant differences can already be seen in a comparison of the European countries. Almost all buildings are heated by gas
in the Netherlands. The Netherlands have access to large gas reserves, which have been used for the heat supply of their own
building stock, in addition to being exported to Germany. In the United Kingdom, almost all buildings are heated by a gas-based
technology. However, the share of oil-based heating is higher than in the Netherlands. In Germany, gas also has the highest
share but the sum of oil-based and district heating reaches a comparable share as in the other countries. Renewable energies
have become signiƄcantly more important over recent years, which are summarized under other primary energy sources.
Compared to Europe, the United States of America uses much more electricity for the heating of housing. Heat pumps, which
in summer can also partly be used for cooling, play a signiƄcant role in the heat supply of the buildings.
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Fig. 6: Distribution of the different heating techniques in the four countries

The distribution of the different heating techniques in the four countries, as shown in Figure 6, underlines the analysis of the
energy carrier discussion >22@>23@>24@>25@. It is striking that in the United States of America, instead of gas boilers, more Ƅreplaces
are used. It must therefore be assumed that the technical losses in the Ƅre points are higher than in the boilers.
For the assessment of the economic viability of refurbishment measures, prices for all Ƅnal energy carriers are of importance. In
the direct comparison of the four countries in Figure 7, the current prices for private consumers differ considerably. In the US,
consumers pay less than half per kilowatt hour of electricity compared to German electricity customers. This difference explains
the preference for electricity-based heating in the United States of America. Compared to its European neighbours, Germany
has the highest electricity prices, making the use of electricity-based solutions for heat supply economically more difƄcult.
With regard to gas prices, they are also the lowest in the United States of America, while consumers in the Netherlands pay
the highest gas price. The oil price in Germany is at the level of the gas price and it is situated at the lower end of this direct
comparison. Consumers in the United States of America pay a comparable price for the kilowatt hour oil, so that oil is signiƄcantly
more expensive than gas. The highest oil prices are paid by the residential users in the Netherlands.
Looking at regenerative energy sources the low price for wood is noticeable in Germany, since there is still a timber surplus in
German forestry. However, the low price for wood in Germany does not apply to pellet heaters, since pellets are signiƄcantly more
expensive. For self-generated electrical power based on photovoltaic panels, remuneration is paid in Germany, the Netherlands
and the United States of America as a feed in tariff. The highest remuneration is currently paid to the private producers in the
Netherlands.

Fig. 7: Prices for all Ƅnal energy carriers for private households
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Fig. 8: Regulations and normative restrictions for buildings in Germany of the past, present and future

The direct comparison of the Ƅnal energy prices for private users indicates that the economy of energy efƄciency measures in
the four countries must be assessed case by case. The very low gas and electricity prices in the United States of America make
it considerably more difƄcult to prove a positive net present value of energy efƄciency measures. Many measures on the building
envelope or building technology will not be cost-effective in terms of energy savings.
In Germany, the use of electricity for the heating of buildings is economically difƄcult, since a factor greater than 4 must be
compensated between the electricity and gas prices. A heat pump therefore must have a seasonal performance factor above
4 for a fuel cost-neutral heat supply, which is technically very demanding. In some supply areas, a reduced electricity price is
offered for heat pumps, which is partly linked to predetermined non-operating times for peak load reduction. Using wood may
be an economically interesting alternative in all countries of the comparison but the automated heating technology for a solid fuel
is more expensive and needs more maintenance in practice. The achievable efƄciencies in the use of solid fuels are lower than
in the case of oil and gas, local emissions of particulates must be considered, too.

Political Goals for Energy and Climate Protection
The following sections discuss the energy policy regulations and objectives as well as the measures aimed at climate protection.
The focus is on Germany; the objectives and measures are compared and discussed in the second section with the three other
countries. In Figure 8, the regulations and normative restrictions for buildings in Germany of the past, present and future are
compiled. Most of those requirements are focused on new buildings only. Until now, existing buildings have only been affected
to a very limited degree by requirements for increased energy efƄciency. An exception is the replacement of a heating system
as well as the subsequent insulation of the exposed heating pipes. If, for example, a boiler is replaced, current technology must
be used as a substitute.
The early regulations (WärmeschutzV and HeizAnlV) were focussed on an improvement in thermal insulation and the use of
efƄcient heating technology. Both regulations were treated separately, so that no compensation between these measures was
possible. Since 2002, these two regulations have been replaced by the “Energieeinsparverordnung – EnEV”, which for the Ƅrst
time allowed a joint assessment of thermal insulation measures and the heating technology employed. However, a minimum
insulation standard is still required, which was also updated with the tightening up of the EnEV agreed in the following years.
Since 2009, the integration of renewable energies in new buildings has also been prescribed through the “„ErneuerbareEnergien-Wärmegesetz – EEWärmeG”. The aim was to enforce the use of solar thermal and heat pump technology.
From 2019, new buildings, which are Ƅnanced and used by the government, will be part of the upcoming „nearly-zero energy
buildings“ standard. These buildings have once again signiƄcantly reduced primary energy demands but these buildings will
generally still have classic hydronic heating systems. This standard is to apply for all new buildings from 2021. The long-term
goal is that after 2050 almost no emissions are released by the building stock since all the buildings should have been replaced
by new buildings or refurbished buildings.
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Fig. 9: The historic energy demand evolution for new building

The historic energy demand evolution for new buildings is summarized in Figure 9. In addition to the upper values deƄned by
regulations and energy directives, results from research projects are shown in the lower part of the diagram. It is easy to see
how the regulation of the energy demand follows the values obtained in the research projects, today the Ƅrst buildings are
being erected, which no longer require energy or are already producing more energy than they consume themselves in a yearly
balance.
These kind of positive energy buildings have large photovoltaic plants, which in the summertime feed considerable amounts of
energy into the electrical grid. The electrical grid is therefore used as a free and ideal storage, which is technically questionable.
A positive energy building is therefore not an energy self-sufƄciency building, since a connection to the electrical grid is still
required. An energy self-sufƄciency building can only be designed in Germany using seasonal storage devices. These energy
storages must have a very large capacity and are loaded and unloaded only once a year. Economically, these kinds of buildings
are not competitive compared with the usual building concepts.
The evolution of building energy consumption is monitored by the Federal Ministry of Economics in the report „Energie der
Zukunft Vierter Monitoring-Bericht zur Energiewende“ >26@. Figure 10 shows the values given in the report, which have additionally
been adjusted by the weather effects (degree day number). In the years 2008 to 2014 there is only a slight change in the primary
energy consumption. The same values were achieved in 2014 as in 2010. The increase in the number of dwellings and the very
low refurbishment rate for existing buildings, which was below 1  in most years, prevent lower energy demand values for the
whole building stock.
If we want to achive future energy, more measures must be taken on the existing building stock. Figure 10 also shows the
necessary reductions, which must be achieved from 2014 when a linear curve of the energy demand reduction is assumed. In
this case, we need to reduce primary energy consumption of our whole building stock by 26  in the next 10 years. Even if all
new buildings no longer required any energy, for each new building the same living space would be demolished, a reduction of
10  would only be achieved for today´s rate of new-build of 1 . This very simple calculation points out that the future efforts
on the building stock must be enhanced dramatically.
In the Netherlands, a national Energy Agreement (“Energie Akkoord”) >27@ was signed in September 2013 by more than 40 market
participants and other stakeholders. The targets for energy efƄciency and use of renewable energy in buildings in this agreement
are in line with the requirements of the Energy Performance of Buildings Directive. Until 2020, the energy performance coefƄcient
(EPC) of 300,000 existing residences will be improved by two energy grades in the energy performance scale. The stock of the
social housing sector will be renovated to the level of energy class B on average. In the private rental sector, 80  of the existing
houses will be improved to a minimum of energy class C. After 2020, newly built residences must reach the Nearly Zero-Energy
Building (NZEB) standard. The energy performance coefƄcient has been tightened on 1 January 2015, as an intermediate step
to reach the NZEB level. The next step will be to place demands on primary energy consumption and the share of renewable
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Fig. 10: Building energy consumption is monitored by the Federal Ministry of Economics, adjusted by the weather effects (degree day number)

energy up to the NZEB level. For the near future, several measures are foreseen to stimulate energy efƄciency in the building
environment. The focus is on the application of alternative high efƄciency systems during major renovations. Extra attention will
be given to enlarge the economic value of the EPC during the selling and buying process of houses and buildings. Also, the
market for energy efƄciency will be further developed. There are no requirements for separate energy efƄciency measures for
Technical Building Systems (TBS) in the Netherlands. The total building must reach a level of efƄciency, indicated in the energy
performance coefƄcient, instead. This way, builders and developers are given the freedom to choose the most cost-efƄcient
solution as regards the envelope and the TBS of that particular building. This approach allows freedom in the design and
stimulates technical innovation.
The UK passed the Climate Change Act >28@ in 2008 to develop an economically credible emissions reduction path. It includes,
among others, the target of reducing GHG emissions by 80  until 2050 compared to 1990’s levels. These commitments have
not changed due to Brexit decisions but the government has recognized a policy gap regarding energy efƄciency and reduction
and will set out its plans for meeting carbon budgets in the coming months. The contribution of the building sector requires
a total reduction of 22  from 2015 to 2030. To achieve carbon targets within the building sector, the Committee on Climate
Change (CCC) recommends a new energy efƄciency programme for UK homes, including 7 million insulations of walls and lofts.
EfƄciency measures could reduce energy demand for heating by around 15 . Furthermore, to achieve carbon reduction in
heating opportunities for heat pumps, low-carbon heat networks and biomethane injection into the gas grid should especially
be considered.
The situation in the United States of America is summarized in the report “Energy EfƄciency in the United States: 35 Years
and Counting”>29@. The buildings sector accounted for approximately 41  of total US energy consumption in 2014 >29@. The
number includes energy consumption for heating, cooling, hot water, lighting and home appliances and equipment. The States
and municipalities have been adopting energy efƄciency requirements in their building codes since the 1970s. Building energy
codes address energy efƄciency features in new construction and substantial renovation. In a few cases they also apply to more
limited renovations. A signiƄcant majority of states have adopted energy codes, and most states adopt national model codes
whose requirements vary by climate zone. The leading model codes are the International Energy Conservation Code (IECC)
and Standard 90.1 for commercial buildings developed by American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE). These model codes are updated every three years and most states periodically adopt the more recent
versions. The 2012 residential code has been reducing energy demand about 40  relative to the 1980 baseline. Hundreds of
new homes and commercial buildings have been built that produce at least as much energy as they use and the concept of zero
net energy has been an inspiration for many architects, engineers, and policymakers. The report also indicates that there are
large and cost-effective energy efƄciency opportunities that, by 2050, can collectively reduce energy use by 40 – 60  relative to
current forecasts. Under the Copenhagen Accord, the US announced an emissions reduction target of 17  below 2005 levels,
around 0 to 4  below 1990 levels exc. Land Use, Land-Use Change and Forestry (LULUCF), by 2020. The US stated this was
in line with its long-term goal of reducing emissions by 83  from 2005 to 2050.
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Strategies for the Building Stock
If we want to look at the future challenges for the building stock, we should Ƅrst check the global boundary conditions. We do not
have a general energy supply problem on this planet. However, we do have an urgent emissions problem. This means that we
must reduce energy consumption in the building sector, only to the extent that we can cover it with renewable energy resources.
In this sense, energy conservation is only a method for using renewable energy economically. In the past, the measures in the
building sector have mainly focused on lower heat consumption. It is still true that the lower the energy consumption of a building,
the more easily it can be met with renewable energies. But energy conservation is not the Ƅrst goal to address Ƅghting climate
change.
If we want to achieve our emission reduction targets as economically as possible, we must carefully examine if measures to
reduce energy losses through the building envelope are the best option. Using optimization procedures, we can check for
each building design on which package of measures results in the highest emission reduction per euro spend. These measures
include the reduction of technical losses, the use of heat pump technology, combined heat and power generation and the local
generation of renewable energies.
In most countries, most buildings are in an urban area. Any improvement in the building supply energy system in terms of
emissions has a direct impact on all connected buildings. The use of district heating, for example which distributes geothermal
heat or unavoidable waste heat in an urban area, can help all linked buildings without spending money on refurbishment
processes or new buildings. The future Power2Gas technology using surplus electricity from wind power to generate gas can
also contribute to considerable emission savings in the building stock, particularly in combination with combined heat and power
generation.
In the future, all measures should be evaluated in the context of the energy system of urban or rural areas. All energy chains of
the future energy system must be based on a higher proportion of renewable energies, some of which are strongly ƅuctuating
and cannot be generated controlled by consumption. To minimize the use of expensive electrical energy storages, building
energy systems can adapt more closely to production by means of a controlled load management (demand side management).
This demand side management in the context of building energy systems can be combined with large and cost effective thermal
storage systems. The most visible manifestation of domestic demand side management is the smart control of white goods (e.g.
washing machines or dishwashers) according to availability of renewable energy. While this demand side management approach
is often highlighted in the media and is usually directly related to the term ‚Smart Home‘, it is still conceptual and can only be seen
in demonstrator projects. Furthermore, only very limited amounts of energy and peak loads can be shifted through the control
of domestic electrical appliances.
The usage of thermal storage for demand side management purposes offers a variety of options. Heating devices, such as
night storage heaters and heat pumps are already operated per external price or availability signals. While night storage heaters
typically use a static signal given Ƅxed times of the day with a lower night-time electricity tariff, heat pumps often receive dynamic
signals for up to two daily shut-off periods during peak consumption periods. Such control is already available. Therefore, the
often-discussed ‘real time pricing’ should be connected to heating systems in addition to electric appliances. Since heating
systems do not only consume electricity but also provide power to the grid, as for example combined heat and power units,
supply systems can offer both, positive as well as negative demand response to the grid. Both heat pumps and combined
heat and power units are potentially supplemented by heating rods. In addition to the compensation of ƅuctuating electricity
generation, supply systems can also react dynamically and even automatically to changes in voltage or frequency, thus stabilizing
and protecting the power grid from failures.

Conclusions
In recent years, the insulation technology as well as the heat supply technology for buildings have been continuously improved.
At the same time, many demanding regulations and directives have been issued, which have signiƄcantly improved the energy
demand of all new buildings. In most industrialized countries few existing buildings are replaced by new buildings. Most of the
few new buildings lead to an increase of the total ƅoor space of the building stock as only a very small number of buildings is
removed by demolition. Looking at Germany this process leads to an almost constant primary energy consumption for buildings,
although high demands are placed on the new buildings and several old buildings have been refurbished. A similar picture is also
shown in the Netherlands, the United Kingdom and the United States of America.
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Today, the so called „Energiewende“ in the building sector is still in its infancy. The four examined countries have set themselves
challenging carbon reduction targets by 2050, which can only be achieved with exceptional efforts. As a result, engineers from
all disciplines of the building sector can make an important contribution to climate protection with their work in the future.
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Abstract
Comparisons of Ƅx and variable costs for converting different forms of primary energy into electric energy performed by national
and international agencies as well as by E.ON SE repeatedly concluded, that geothermal electricity produced from natural steam
or permeable hot water reservoirs is among the cheapest renewable forms of electricity. But in years to come, geothermal
electricity may Ƅnd itself restricted to the limited number of regions worldwide which feature these kinds of favorable reservoirs.
This would leave out most of the continental land mass of the earth which is hot but lacks natural steam or hot water reservoirs.
This is because of the current lack of proven technology for engineering man-made geothermal reservoirs where natural ones
do not exist. The fact that, at the same time, proven technologies for generating wind and solar electricity are readily available
may thus turn out to be a serious competitive disadvantage for geothermal energy as fossil primary energies are being replaced
by renewables. Therefore, dedicated and proactive funding of geothermal technology development is required at a much larger
scale than previously for making geothermal electricity competitively available almost everywhere.

Introduction
The present and forecasted full cost of different forms of electric energy generation provides important information for strategic
decisions of governments, funding institutions and energy utilities regarding the crucial question: which mix of technologies is
attractive regarding the levelized cost of electricity (LCOE). Therefore, and additionally motivated by global climatic change or
requirements of national governments (for instance the German Energiewende – energy paradigm change), international and
national agencies as well as utilities have been benchmarking different sources of renewable, fossil and nuclear primary energy.
Here, we provide a summary of recent agency reports for the generation of electric energy from renewable and non-renewable
sources and compare it with a cost benchmark performed by an international energy utility.
Recent cost comparisons of electricity from different types of renewable energy, including geothermal, were published by
national and international agencies: German Academies of Sciences (acatechLeopoldinaAkademienunion 2016); U.S. Energy
Information Administration (eia 2015a, eia 2015b, eia 2013); European Commission (Ecofys 2014); International Energy Agency &
Nuclear Energy Agency of OECD (ieaNEA 2015, iea 2015a, iea 2015b); International Renewable Energy Agency (IRENA 2015);
World Energy Council (WEC 2013).
Based on both increased availability and volatility of wind and solar electric power in Germany, the German Academies of
Sciences‘ Position Paper (acatechLeopoldinaAkademienunion 2016) Ƅnds that classical base-load has been diminished
increasingly in the German national grid within the last decade. For a number of scenarios based on different assumptions, it
discusses available options for Ƅlling in electrical energy into the grid at times of little sunshine and wind and suggests a costoptimized ranking of available other sources.
The Key World Energy Statistics (iea 2015a) reports the development of the contribution of renewables to the world electricity
generation in the period 1973 – 2013 as well as an outlook to the year 2040 based on two scenarios: the new policies scenario
(NPS: based on policies under consideration) and the 450 scenario (450S: based on policies needed to limit global average
temperature increase to 2 K). Here, renewables comprise biofuels and waste, geothermal, solar, wind, tide, etc. and do not
provide individual information on geothermal. In general, the study documents an increase from 0.6  to 5.7  of renewable
1. This is an abridged version of a paper submitted in May 2016 to Renewable and Sustainable Energy Reviews.
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Fig. 1: Typical levelized costs of electricity ranges and regional weighted averages by technology, in the years 2013 and 2014 (IRENA 2015)
(CSP: concentrated solar power)

fuels in the electricity generation between 1973 and 2013. Based on the NPS and 450S scenarios, it predicts corresponding
shares of renewable fuels in the year 2040 of about 20  and 30 , respectively.
The ieaNEA 2015 edition of the report on Projected Cost of Generating Electricity (ieaNEA 2015) is based on data for 181 plants
in 22 countries. It comprises 17 natural gas-Ƅred generators, 14 coal plants, 11 nuclear power plants, 38 solar photovoltaic and
4 solar thermal plants, 43 onshore and offshore wind plants, 28 hydro plants, 6 geothermal, 11 biomass and biogas plants,
and 19 combined heat and power (CHP) plants of varying types. The study addresses geothermal plants individually which are
operated in Italy, New Zealand, Turkey, the United Kingdom, and the United States at capacities from 6.8 MWe to 250 MWe. With
the exception of the U.K. plant, all plants use either wet or dry steam reservoirs. Among the 19 CHP plants, two use geothermal
heat. For all studied plants, the investment cost, comprising overnight cost and interest during construction, is calculated for
discount rates of three, seven, and ten percent (here we refer only to the numbers corresponding to a 3  interest rate). In Italy
(59.87 $2 per MWh), New Zealand (31.90 $ per MWh), and the U.K. (144.01 $ per MWh) geothermal plants produce at the lowest
LCOE, even lower than onshore wind plants. In the U.S., geothermal LCOE falls into the range for that of onshore wind, large
ground-mounted PV, and non-powered hydro dams. In Turkey, geothermal LCOE (109.36 $ per MWh) is between 1.8 and 3.6
times more expensive than large hydro reservoir and onshore wind, respectively. Geothermal CHP in Germany is 3.0 and 3.9
times more expensive than CHP turbines based on solid biomass and biogas, respectively, while in the U.K., geothermal LCOE
is only 55  of that of onshore wind. Accordingly, the study concludes that “geothermal plants are very site-speciƄc” (ieaNEA
2015) and depend on the type and quality of the geothermal reservoir used.
In its Annual Energy Outlook 2015 (eia 2015b) and International Energy Outlook 2013 (eia 2013), the U.S. Energy Information
Administration predicts a global average annual increase of 3.6  and 4.1  in installed geothermal capacity and net geothermal
electricity generation, respectively, between 2010 and 2040. Globally, this corresponds to a generation increase from 66 billion
kWh in 2010 to an estimated 220 billion kW h in 2040 (the corresponding Ƅgures for the U.S. are 4.7  and 5.5 , respectively).
While impressive, this is still below the growth rates predicted for wind (5.1 ) and solar (9.1 ) electricity generation because
the number of exploitable wet and dry natural steam Ƅelds is limited. Near-Ƅeld permeability enhancement at the perimeters
of operated Ƅelds is seen as an available technical option while engineering heat exchange fractures in naturally (virtually)
impermeable bed rock is considered still a technological development requiring signiƄcantly funded research and development.
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The increase in geothermal generation corresponds to an increase in global installed capacity from 10 GW in 2010 to 29 GW
in 2040 which is estimated based on the currently available technology for exploiting natural reservoirs for dry and wet steam.
In its study on Levelized Cost and levelized Avoided Cost of New Generation Resources in the Annual Energy Outlook 2015 (eia
2015a), eia maintains that, conceptually, a better assessment of economic competitiveness can be gained through consideration
of avoided cost a measure of what it would cost the grid to generate the electricity that is otherwise displaced by a new
generation project, as well as its levelized cost. Avoided cost, which provides a proxy measure for the annual economic value
of a candidate project, may be summed over its Ƅnancial life and converted to a stream of equal annual payments. The avoided
cost is divided by average annual output of the project to develop the “levelized” avoided cost of electricity (LACE) for the project.
The LACE value may then be compared with the LCOE value for the candidate project to provide an indication of whether or
not the project’s value exceeds its cost. If multiple technologies are available to meet load, comparisons of each project’s LACE
to its LCOE may be used to determine which project provides the “best net economic value” (eia 2015a). The difference LCOELACE is then a measure of how attractive it is to replace existing by new technology. Based on the systems studied, iea (2015a)
predicts positive values for LCOE-LACE by the years 2020 and 2040 only for geothermal generation of electricity yield. However,
they also caution that “Geothermal cost data is site-speciƄc, and the relatively large positive value for those technology results
because there may be individual sites that are very cost competitive, leading to new builds, but there is a limited amount of
capacity available at that cost” (eia 2015a).
In its recent assessment of Renewable Power Generation Costs in 2014 (IRENA 2015), the International Renewable Energy
Agency (IRENA) compares LCOE for different renewable electricity generation technologies in 2013 and 2014. As the studies
discussed above, the IRENA report documents that LCOE for geothermal electricity generation is competitive with the most
economical renewable electricity generation technologies (Figure 1).
The IRENA report (IRENA 2015) also highlights that the reason for the wide spread of geothermal LCOE lies in the quality and
type of the resource which is determined by the resource temperature and the obtainable ƅow rates. Figure 2 illustrates the
variation of the power plant costs in $ per installed kW with reservoir temperature and plant technology, i.e. for steam ƅash and
binary plants. Clearly, very attractive costs are related to high reservoir temperature. These types of natural high-temperature
(and ƅow rate, not illustrated in Figure 2) reservoirs are not abundant which currently limits a greater growth rate of geothermal
electricity generation.

Fig. 2: Variation of U.S. geothermal power plant only costs (in $ per installed kW) with reservoir temperature (IRENA 2015)
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Fig. 3: Technology portfolios in the German Academies of Sciences Position Paper (acatechLeopoldinaAkademienunion 2016) for possible
power systems with 100  emissions reduction or very low residual emissions (about 4 ); CCGT: Combined-Cycle Gas Turbine; CSP:
Concentrated Solar Power; DSM: Demand Side Management; S1-S9: nine different scenarios considered with variable amounts of Fluctuating
Renewable Energy Sources (FRES)

In summary, recent national and international reports provide detailed information on the current and expected future capacity
and generation for renewable electricity. Their predictions for 2040 or 2050 with regard to geothermal energy, however, have
a weak point in common insofar they are based on the currently available technology. Thus, they disregard technological
developments in the Ƅeld of engineered geothermal systems which, by 2050 may have been made available for conversion into
electricity, the heat will be stored in the hot but naturally impermeable crystalline basement of the continents. As one exception,
the German Academies of Sciences Position Paper (acatechLeopoldinaAkademienunion 2016) reports, among the many
scenarios examined, in one of its zero-carbon-dioxide-emission scenarios on geothermal electric power the assumption that by
the year 2050 technical engineering of deep heat exchange surfaces will have become a routine operation at competitive cost.
The study concludes that “there are a number of options for the design of a future power supply system that feature a relatively
similar level of electricity generation costs. As a rule, a strategic decision against individual technologies for technical, political
or social reasons can be compensated at relatively low additional cost by resorting to alternative generation technologies. This,
however, requires early decisions in order to avoid unnecessary investments. A cost-effective technology portfolio composed
of the two categories “ƅuctuating producers” (wind and photovoltaics) and “ƅexibility technologies”, and ranging within the
boundaries of the respective framework conditions is the key to a sustainable, secure and cost-effective power supply system“
>1, p. 6@. Figure 3 shows an example of Ƅve zero-carbon-dioxide-emission scenarios. Two of the scenarios considered contain
only a relatively small amount of 57  wind and solar energy and, as a consequence, feature a sizeable geothermal component.
As instructive as these national and international studies are regarding the competitiveness of geothermal electric power
generation, they provide only a general background for investment decisions of local and national energy utilities that got under
great Ƅnancial pressure in the context of global warming and, speciƄcally, as a result of changing energy generation paradigms,
such as (but not limited to) the German Energiewende (energy paradigm change). As an illustration of a commercial approach,
the next paragraph documents a study by a national utility of different sources of nuclear, fossil, and renewable energy in view
of their levelized cost of energy (LCOE).

Commercial Comparison of LCOE for Different Sources of Primary Energy
Non-renewables studied are nuclear energy, natural gas and hard coal; lignite was not considered as it is restricted to regions
with local deposits. Renewables evaluated are biomass, solar, wind, and geothermal. A speciƄc focus was put on the cost of
geothermal electricity. But industry bases its decisions not only on cost but also on criteria, such as, availability (including its
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variation with time), grade and volume of energy; potential for reducing greenhouse gas emissions; and public acceptance.
Obviously, utilities will deploy those technologies which fare best in such an overall benchmark and increase the value of the
generation portfolio.
Several international and national institutions have been providing studies on the availability of different sources of primary
energy – renewables and non-renewables, their expected future use, and cost of conversion into electric energy (e.g.: (eia 2015a,
iea 2015b, ISI 2010). Various studies evaluated the availability of geothermal heat in different types of reservoirs and at different
temperature levels as well as its current and expected future cost for direct use and conversion into electric energy (e.g.: Beckers
et al. 2014, KÓlbel 2012, Augustine 2011). Supplementary to these surveys, our study compares the LCOE for geothermal
electricity with those converted from nuclear Ƅssion, hard coal, natural gas, biomass, solar, and wind.
Typically, utilities do not invest only in one speciƄc technology. They invest in and optimize a generation portfolio of different
technologies. Investment criteria are related to economics like LCOE, variable costs, capital costs but also to technical availability,

Fig. 4: Comprehensive variable cost per produced electric energy, comprising variable costs for operation and maintenance, fuel, and emission
of carbon dioxide)

Fig 5: Comprehensive capital expenditure per produced electric energy
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emissions, risks in view of political and public acceptance, construction time, and other aspects. Additionally, the expected midand long-term market conditions are relevant as well as the portfolios of competitors. Future energy systems based mainly on
renewable energies require portfolios different from the currently optimal ones. The LCOE for different generation technologies
is a major, but not the only decision criterion for utilities and governmental and public stakeholders.

Data and Assessment Method Used
In a cost comparison performed by a major German electrical utility, representative cost ranges for the different non-geothermal
primary energies were obtained from internal calculations and various data sources (eia 2015a, EPRI 2010, iea 2010, e.on 2012).
Details concerning data and method of cost assessment are described in Clauser & Ewert (2016). Primary energies considered
were wind (onshore and offshore), solar (photovoltaics and concentrated solar power – CSP), biomass, hard coal, gas, and
nuclear. The cost of geothermal electric energy was assessed separately for the four phases of (i) resource identiƄcation, (ii)
resource exploration, (iii) drilling, and (iv) electricity production:
>i@ Cost for identifying a resource estimated by different authors (Heidinger 2010, Deloitte 2008, GEOFAR 2011) falls into a range
of 385 000 $ – 1 000 000 $.
>ii@ Cost estimates for exploring the resource (Cross & Freeman 2009, Deloitte 2008, GEOFAR 2011, Hance 2005, Heidinger
2010; Juul-Dam & Dunlap 1976, Kagel 2006, Sener et al. 2005;Sener & van Dorp Jr. 2011, Williamson 2012) range from one
to ten million U.S. Dollars. The contribution to LCOE is estimated at 3.7 U.S. Dollar per Megawatt-Hour.
>iii@ Drilling costs estimated by various sources (Cross & Freeman 2009, Deloitte 2008, GEOFAR 2011, Kagel 2006, Reif 2015, Sener et al. 2012,Williamson 2012) range from 2.5 to 50 million U.S. Dollars. The contribution to levelized cost of electric energy
is estimated at 14.9 U.S. Dollar per Megawatt-Hour.
>iv@ Cost estimates for the conversion of geothermal heat into electric energy (Cross & Freeman 2009, Deloitte 2008, GEOFAR
2011, Kagel 2006, Reif 2015, Sener et al. 2012,Williamson 2012) yield a contribution towards the levelized cost of electric
energy of 35.4 U.S. Dollar per Megawatt-Hour.
Summing-up all individual contributions to LCOE (except cost for operation and maintenance and make-up of wells) listed in
(Sener et al. 2009) yields a total levelized cost of electricity of 54.0 $(MWźh)e.
Where necessary, the data was converted from U. S. Dollar into Euro at an exchange rate of 0.74074 $b. Then, with appropriate
numbers for discount rate, installation lifetime, annuity and load factor (annual fraction of operating hours), the following parameter
were calculated for each of the different sources of primary energy:

2.2 Results and Discussion
The results of our data assessment are presented in Figure 4 to Figure 9. Data derived from the year 2010, predictions for the
year 2030 assume an inƅation factor of 1.5 relative to 2010. Figure 4 compares variable costs in both years between nuclear,
fossil, and renewable primary energy sources. Clearly, renewables fare quite well in this comparison, as their variable cost is little
or close to nil, with the exception of biomass. Among the renewables, geothermal comes in second only to solar energy while
wind has roughly twice the variable cost of geothermal energy. In contrast, Figure 5 demonstrates that geothermal requires a
high up-font capital investment, comparable only to concentrated solar power and nuclear energy. Here, gas power stations
(either combined or open cycle gas turbine) fare best, followed by small photovoltaic and on-shore wind installations.
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Fig. 6: Total cost per produced electric energy in the year 2010, comprising total variable and Ƅx costs (the latter for both low and high load
factors)

Fig. 7: Total cost per produced electric energy predicted for the year 2030, comprising total variable and Ƅx costs (the latter for both low and
high load factors)

Figure 6 compares total costs in the year 2010 of nuclear, fossil, and renewable primary energy sources according to the
corresponding variable and Ƅx costs. Also, Ƅx costs are considered for both low and high load factors. Here, geothermal with
large steam reservoirs turns out best among the renewable energies. But even small units based on hot water as a resource
have costs comparable to other renewables, even for load factors of 6 000 hours per year. The situation predicted for the year
2030 is illustrated in Figure 7 and shows qualitatively the same structure at higher absolute costs.
Figure 8 compares again total costs in the year 2010 between nuclear, fossil, and renewable primary energy sources according
to the corresponding variable and Ƅx costs. This time, however, costs for wind and solar energy include a backup by a small gas
turbine. This backup is operated only after all other more favorable options in the merit order have been put into operation. We
consider a backup operation time of 100 ha for compensating times in which neither conventional nor other renewables can
satisfy the demand. Without backup, geothermal energy again comes with the least cost. With backup, however, wind and solar
energy are more attractive. Again, qualitatively, this situation remains the same regarding the costs predicted for the year 2030,
as shown in Figure 9.
Summarizing, our commercial comparison of LCOE for different sources of primary energy arrives at similar conclusions as
the previously discussed national and international studies. However, it did not result in a positive decision for an investment in
geothermal electric power production. This is due to internal reasons, such as, alignment with the future strategic orientation of
companies, lack of available concessions or potential partners, etc.
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Fig. 8.: Total cost per produced electric energy in year 2010, comprising total variable and Ƅx costs with back-up for wind and solar (small gas
turbine, 100ha)

Fig. 9: Total cost per produced electric energy predicted for the year 2030, comprising total variable and Ƅx costs with back-up for wind and
solar (small gas turbine, 100 ha)

Fig. 10: Levelized cost of electricity in the EU28 for various technologies in the EU28. The blue bars indicate the levelized cost at full load hours
estimated from energy production and capacity statistics and the grey bars indicate levelized cost at technically feasible full load hours. The red
vertical lines represent the median of the range (Ecofys 2014)

Chapter II | 61

Fig. 11: Cumulative historic interventions during the period of 1970 – 2007 in year 2012 billion Euros (Ecofys 2014)

It is interesting to compare our results with those of a different recent study contracted to Ecofys by the European Community
(Ecofys 2014). The results shown in Figure 10 are quite comparable to ours, in particular with regard to geothermal energy: Only
hydro power (not considered by us) has a lower levelized cost of electric energy than geothermal. But the existing untapped
potential for water power generation is limited in Europe.

Conclusions and Outlook
As a result of this cost comparison we conclude that geothermal heat can be converted into electric energy at an attractive cost,
in particular where steam is available in either natural or engineered geological reservoirs. Even hot brines provide a resource
base for conversion into reasonably priced electricity. Without doubt, this is one of the reasons why geothermal electricity has
been produced for many decades in regions with natural steam reservoirs. In regions lacking these reservoirs however, other
forms of renewable, low carbon dioxide energy have left behind geothermal energy. Why is this so?
First of all, natural steam reservoirs are found in tectonically active regions: at boundaries of plates of the earth’s crust and
volcanic regions, for instance in Italy (since 1904!), Iceland, Indonesia, The Philippines, Japan, New Zealand, Kenia, the U.S.,
Mexico, El Salvador, to name just a few. There, steam reservoirs are used for generating geothermal electricity at signiƄcant
installed capacity. However, most regions on the continents are lacking these kinds of reservoirs. And the technology for
engineering man-made reservoirs in hot but naturally low permeability or even dry basement rock has not matured to a level
where it can be deployed routinely. To this end, signiƄcant investment in corresponding research is still required.
Recently, Jain et al. (2015) studied the maximum contribution by engineered geothermal systems (EGS) to the German electric
power supply, one of the many countries lacking natural wet or dry steam systems. Assuming that appropriate geothermal
fracking technology will become available for engineering heat exchangers at great depth, their results suggest that EGS has the
maximum technical potential to deliver 42 percent of the German power production at any given time. Comparable results may
be expected from similar studies for countries of likewise modest geothermal conditions. Since EGS has not yet matured from
concept to a mature technology, its routine use and deployment requires substantial research and development effort.
But how much support has been invested in geothermal technology development in the past compared to other forms of energy
conversion? Again, the recent study contracted by the European Commission to Ecofys provides valuable insight (Ecofys 2014):
It compares indirect historic support, i.e.: past investments in research and development by public authorities in the currently 28
EU member states during the period from 1970 to 2007 (Figure 11). Clearly, by a large margin, the lion’s share of research funding
was allocated to nuclear energy (Ƅssion and fusion), followed by coal, gas solar and wind. Compared with these, funding of
geothermal energy research was all but negligible. As a result, at the dawn of the Energiewende, ready-to-implement geothermal
technology was available only for natural steam and hot water reservoirs, not for the bigger part of the continental land mass
where geothermal energy can be produced only from man-made engineered geothermal systems.
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This has grave consequences: Massive implementation of wind turbines and solar panels has boosted the share of renewable
electric energy in many countries, in Germany in the year 2013, for instance, to over 25  (UBA 2015). This does not come
without negative consequences: the volatility associated with wind and solar energy turns out to be a burden on the existing
electrical grid, and the locally restricted abundance of both requires other investments. A portfolio of different options is available:
Building new long-distance AC and DC power lines, electrical storages or gas Ƅred power stations for operation during hours
without wind and sun and, last but not least, shifting power demand from times of low to high power generation from renewables.
As geothermal energy is a base load technology it could be a valid option within future generation portfolios for regions without
natural steam reservoirs if cost and risk can be reduced for man-made engineered geothermal systems. Today, the investment
risk of geothermal power production is the main obstacle. Efforts are required for reducing this risk and make the geothermal
technology more comparable to other existing technologies. This requires proactive funding of geothermal energy research at
much larger scale than previously. If research funds will be made available at least on the order of what was invested in wind and
solar (Figure 11) geothermal energy could win the renewable cost challenge and, as a result, most countries in the world would
be in a position for using the indigenous and local energy under their territory.
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Discussion and Additional Comments
In the discussion of this chapter, members of E.ON ERC’s ScientiƄc Advisory Board raised the following points:
ƒ Granger Morgan: “How important is reducing drilling cost for making engineered geothermal systems happen?”
ƒ Granger Morgan: “How close are we regarding the predictable engineering of deep heat exchange systems?”
ƒ Jay Apt: “How well do we have to explore the subsurface prior to any attempt to create such a deep heat exchanger?”
Below, these points are addressed as well as statistical data provided in the following statements provided by E.ON ERC’s
ScientiƄc Advisory Board members Leif Bjelm, Ladislaus Rybach, and Ruggero Bertani.
Major projects in the past 10 years, in which GGE addressed some of these aspects are:
ƒ Erstellung statistisch abgesicherter thermischer und hydraulischer Gesteinseigenschaften für den ƅachen und tiefen
Untergrund in Deutschland, http:www.gge.eonerc.rwth-aachen.degoidfrbf
ƒ MeProRisk I – a Tool Box for Evaluating and Reducing Risks in Exploration, Development, and Operation of Geothermal
Reservoirs, http:www.gge.eonerc.rwth-aachen.degoidhcvslidx1
ƒ MeProRisk-II: Optimization strategies and risk analysis for deep geothermal reservoirs,
ƒ Development of a Design Tool for Hot-Dry-Rock Fracture Systems, http:www.gge.eonerc.rwth-aachen.decmsE-ONERC-GGEForschungProjekteageeyMeProRisk-II-Optimization-strategies-an?lidx=1
ƒ DESCRAMBLE – Numerical simulation of a supercritical watersteam reservoir , http:www.gge.eonerc.rwth-aachen.de
cmsE-ON-ERC-GGEForschungProjekteamcyaDESCRAMBLE?lidx=1
ƒ Exergy - optimized management of a geothermal borehole heat exchanger array, http:www.gge.eonerc.rwth-aachen.de
goidhfyi
ƒ EoCoE – Energy oriented Center of Excellence EoCoE – Geothermal Energy for a Carbon Free Energy Supply, http:www.
gge.eonerc.rwth-aachen.decmsE-ON-ERC-GGEForschungProjekteamcxfEoCoE?lidx=1

How to Make Engineered Geothermal Systems (EGS) a Low-Risk Geothermal
Concept
Professor Em.Leif Bjelm, Professor emeritus of Georesources Technology, Lund University, Sweden.

Introduction: Encouraging News
On August 31st, 2016, The U.S. Department of Energy released the following announcement, conƄrming its belief in EGS and its
plan for immediate allocation of new resources for demonstrating the feasibility of EGS:
“WASHINGTON, D.C. – As part of the Obama Administration’s continued commitment to the President’s Climate Action Plan,
the Energy Department today announced PLOOLRQ in funding under the Frontier Observatory for Research in Geothermal
Energy (FORGE) program for projects awarded to teams at Sandia National Laboratories and the University of Utah. The funding
will be for each team to fully instrument, characterize and permit candidate sites for an underground laboratory to conduct
cutting-edge research on enhanced geothermal systems (EGS). The Sandia team will be working on a site in Fallon, Nevada,
and the University of Utah team will be working at a site in Milford, Utah. “Enhanced Geothermal Systems can help us tap into a
vast energy resource with the potential to generate enough clean energy to power millions of homes,” said Franklin Orr, Under
Secretary for Science and Energy. “In supporting this technology, the FORGE program is advancing American leadership in
clean energy innovation and could ultimately help us meet our climate and sustainability goals.”
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The site near Fallon, Nevada hosts steam and hot water reservoirs and deep-seated young rhyolite intrusions with potential
for EGS. Several wells have been drilled in the area and quite recently extensive geophysical investigations were carried out
in adjacent areas. The announcement is of course stimulating for Europe as well. An action like that from a world leading
Geothermal country should push European decision makers to take a step forward and release research funding for European
EGS research.

A Road Map for Cutting Risk and Cost
*RDO
A few strategic changes in project planning and use of existing alternative low-cost drilling techniques enable reducing technical
and economic risks. Furthermore, allocating resources at the earliest possible stage of exploration will promote scientiƄc input
and allocate enhanced engineering to the project.
%DFNJURXQG
The EGS history clearly tells us that subsurface rock mechanic and hydraulic properties so far have been poorly understood.
Plant cost is around 50  of all costs but drilling and completion of boreholes requires most of the pre-plant costs. Geothermal
wells are more expensive than oil & gas wells. The large diameters require expensive casing programs and well completions.
High-tech screen solutions are other expensive items in geothermal wells. One of the most comprehensive studies on EGS
systems (Tester 2006) discussed thoroughly risks and limitations in order to understand subsurface properties.
As any other exploration projects, coming to best decisions in geothermal projects requires LQ VLWX information as early as
possible. In practice, this can be accomplished only by drilling and sampling. However, using high-cost conventional oil & gas
drill rigs forced developers in the past to minimize drilling in the early stages of exploration. In contrast, deep boreholes are drilled
in the mining industry with a different technology and at much lower cost: modern wire line coring rigs have a depth capacity of
2500 m to 3000 m. Apart from the eminent scientiƄc and technical value of the drill cores themselves, these cored boreholes can
also serve as monitoring sites during injection and production tests, as interference observation boreholes and for calibrating
and correlating geophysical data.
Even though in many places a borehole down to only 3000 m may be shallow regarding requirements for EGS, there is a
substantial EGS potential worldwide within a depth of 2 km - 3 km. Additionally, research, tests and feasibility studies on, for
instance, fracture propagation is most certainly possible at 2 km or 3 km – again at much lower cost.
The three-phase 5RDG0DS below details the necessary activities prior to power plant construction. It highlights those efforts
resulting in risk reduction. Almost all reports on the EGS concept emphasize the risks due poor understanding of the subsurface
rock structure stress regime. Clearly, in most cases this is a result of underƄnanced early-stage exploration. Much too rarely,
the available alternative, cost effective, and efƄcient drilling technologies are recognized. Managing and reducing risk requires
low-cost drilling of reconnaissance or observation boreholes and in situ measurements at a very early stage in the project to a
deeper depth than this kind of drilling technology is commonly employed.
3KDVH comprises geological and geophysical exploration of the main structural elements, providing a Ƅrst understanding of
the subsurface. Based on this, low-cost wireline-cored boreholes will be positioned and later drilled in Phase 2. Potential core
drilling companies should take part already at this stage for evaluating drilling feasibility.
3KDVH, equipment; the Wire Line Diamond Coring (WLDC) technique is employed, a cost-effective mining industry drilling
technique. Wells cored to 2500 m – 3000 m depth cost only about one fourth of a conventional large-diameter exploration
well and roughly one Ƅfth of an injection or production well (Tuttle et al. 2010). A typical borehole end-diameter at 2500 m, for
instance, is 76 mm. Additionally, these rigs have a small environmental footprint and are lightweight and mobile. The technique
has recently been used in Nevada in a major geothermal project (Peterson et al. 2013). Overseas they tend to be more and more
recognised.
In mineral exploration world-wide, deep wire-line coring is performed regularly to similar depth but it is used less in oil & gas
exploration. Deep coring will most likely be used for exploring suitable sites for depositing nuclear waste storing captured
carbon dioxide. Today’s wire-line coring rigs are highly engineered, fully hydraulic and easily operated with only a small crew.
The rigs weighing 25 to 35 tons are portable and some even move around by themselves. The high-tech diamond matrix drill
bits last several hundred meters in hard rock formations. Today similar wellhead completions as for oil wells, such as blow-out
preventers, are available for small diameter boreholes.
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These cored boreholes provide information on the rock properties and stress Ƅeld. This enables a selection of the drill sites
based on reservoir data for the much more expensive injection and production wells, and prior to performing hydraulic fracturing
for creating the EGS reservoir. And observation boreholes are already operational for monitoring the injection and production
tests in Phase 3.
3KDVH  comprises a thorough evaluation of the alternative drilling techniques for large-diameter wells. A geothermal well
typically has greater casing diameters than oil wells and therefore is more expensive. Already today, several methods have
potential for deep hard rock drilling. For instance, air drilling with rotary tri-cone mining bits, underbalanced air-hammer drilling
(DTH), and water hammer drilling. (Bjelm 2006, Peterson et al. 2013). They can deliver a high rate of penetration in crystalline
rock. Underbalanced drilling, in addition, has the advantage of delivering a well with less clogging of Ƅssures and fractures
compared to conventional mud drilling. Current research evaluates also other alternative drilling techniques, but these cannot
be implemented commercially yet.

Road Map
Note: The Phases described below are not complete. They summarize and highlight the advantages of low-cost drilling and in
situ information very early in the EGS planning process.
Phase 1: Site selection for an EGS project
Site exploration involves the use of existing geological surface information and modern satellite information techniques. Additional
geophysical mapping and sounding, for instance modern three-dimensional reƅection seismics and Magnetotellurics, provide
information on the region’s geological and tectonic setting. This information is used to set up a Ƅrst-hand geological model of the
area. Based on this initial geological model, reconnaissance-drilling companies used to handle deep coring with wire line drilling
rigs will be consulted regarding drilling feasibility.
Phase 2: Drilling of reconnaissance and observation boreholes
This road map concept is based on low-cost reconnaissance drilling using modern wireline coring technique instead of
conventional, large-diameter exploration drilling. Conventional exploration drilling with large diameter rigs will be used only in
Phase 3.
Based on Ƅndings in Phase 1, a number of low-cost, cored boreholes will be drilled with a wireline core drilling technique. These
boreholes provide information on the rocks’ mechanic stability, Ƅssures and fractures, temperature, and water chemistry. They
will be logged with slim-hole equipment and used for packer tests and mini-fracs for determining permeability and stress Ƅeld,
respectively. The continuous core will be used for detailed studies of Ƅssures, mineralisation, etc. Later on, they will be used for
monitoring.
Based on the geological model from Phase 1, the acquired new in situ information is used for developing a much more accurate
model including fault distribution. If the data do not warrant favourable conditions for EGS, either additional geophysical studies
may be performed, more low-cost borehole drilled, or the site may be abandoned at limited Ƅnancial loss, avoiding future major
losses.

Phase 3: Reservoir design, drilling of injection and production wells
Based on the information and subsurface model obtained in Phase 2, a numerical model will be set up and used for studying
the mechanical, hydraulic and thermal behaviour of the reservoir rock. The low-cost reconnaissance boreholes from Phase 2 will
be used in Phase 3 as monitoring wells.
Then, hydraulic fracturing will be employed for creating the man-made EGS reservoir. Before drilling the injection and production
wells, the monitoring wells will be instrumented for subsurface control during the hydraulic fracturing of the rock mass and during
the long-term operation of the man-made reservoir.
After deciding on the drilling method to be used, the injection well will be drilled and injection testing performed with concurrent
monitoring in the observation boreholes. Fluid will be injected at a low ƅow and pressure rates based on the known fracture
distribution and rock mass stress regime. The increase in fractured volume will be evaluated based on injection and interference
data from the monitoring boreholes. If the fracture volumes seem to be poor, another low cost-observation borehole may be
drilled, complementary geophysical investigations performed or a kick-off well drilled in the injection well. In case of continuing
bad prospects, the site can still be abandoned at justiƄable cost.
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However, in case of promising fracture volumes, a tracer test should be performed before drilling the production wells using
the observation boreholes. In case of positive outcome, drill the Ƅrst production well based on the actual subsurface and fault
structures, hydraulic tests and modelling results. Before drilling the next production well, interference tests should be performed.
Step-by-step the understanding of hydraulic pathways in reservoir and its hydraulic properties will increase and help in deciding
where to drill the next production well. Sometimes, test pumping may be restricted due to environmental constraints. That may
apply before the geothermal ƅuids can be re-injected. Temporary wastewater ponds are therefore necessary at the drill site.
Expensive rig-rental time can hence be saved.

Outcome
This road map is designed for reducing the over-all risks and improving the basis for engineering decisions.
About four cored slim-holes equal in cost roughly one large-diameter exploration well to equivalent depths, for instance to 2500
m. This means 1 to 1.6 million US $ versus 3 to more than 5 million US $ (Tuttle 2010). In 2016, the cost of oil & gas well has risen
to 5.5 to 7 million US $. (Chevenell 2012, EIA 2016). Thus, compared to more expensive injection and production wells, this cost
is rather equivalent to that for Ƅve cored wells.
So how much saving is there? For every large-diameter well substituted, the saving is on the order of 6 M US $. But the most
important outcome is probably enhanced understanding at a very early stage of the project. For example, good information on
the subsurface fracture and fault regimes, ƅow paths, fracture volumes etc. is critical for a successful EGS project. According to
Tester (2006) and MIT’s “Stages of EGS development: costs and risk”, exploration drilling comprises the highest risks and costs
in EGS projects. Typically, exploration drilling includes full size test wells during the exploration phase but seldom deep lowcost reconnaissance drillings. Therefore, it appears obvious that knowledge from several deep low-cost reconnaissance deep
boreholes, drilled before investing into large-diameter wells, represents a great technical and economic risk reducing potential.
Additional beneƄt is provided by the early-stage, critical in situ information provided by the low-cost boreholes.
Tester, J. W. (ed), 2006. The Future of Geothermal Energy – Impact of Enhanced Geothermal Systems (EGS) on the United States
in the 21st Century, Report, Massachusetts Institute of Technology, https:www1.eere.energy.govgeothermalpdfsfuture_geo_
energy.pdf, retrieved 22 October 2016.
Bjelm, L., 2006. Under Balanced Drilling and Possible Well Bore Damage in Low Temperature Geothermal Environments. Paper
SGP-TR-179, Proceedings, 3st Workshop on Geothermal Reservoir Engineering, Stanford University, Stanford, California, January
30-February 1, 2006, https:www.geothermal-energy.orgpdfIGAstandardSGW2006bjelm.pdf, retrieved 22 October 2016.
Tuttle J. D., Reilly, S., Combs, Welch, V., Listi, R, 2010. Managing Geothermal Exploratory Drilling Risks: Drilling Geothermal
Exploration and Delineation Wells with Small-Footprint, Highly-Portable Hydraulic Diamond Core Rigs, Geothermal Resources
Council Transactions, 34, 261–267, http:pubs.geothermal-library.orglibgrc1028655.pdf, retrieved 22 October 2016.
Peterson, N., Bjelm, L., Garg, S., Kohl, B., Goranson, C., Merrill, R., van de Kamp, P., Lamb, A., 2013. Integrated 3D Modelling of
Structural Controls and Permeability Distribution in the Patua Geothermal Field, Hazen, NV. USA. Proceedings, 38th Workshop
on Geothermal Reservoir Engineering, Stanford University, Stanford, California, February 11-13, 2013, https:www.geothermalenergy.orgpdfIGAstandardSGW2013Peterson.pdf, retrieved 22 October 2016.
Shevenell , L., 2012.The Estimated Costs as a Function of Depth of Geothermal Development Wells Drilled in Nevada.. Geothermal
Resources Council Transactions, 36, 121–12 , http:pubs.geothermal-library.orglibgrc1030220.pdf, retrieved 22 October 2016.
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https:www.eia.govtodayinenergydetail.php?id=25592, retrieved 22 October 2016.

Global Perspective on Geothermal Use
Ladislaus Rybach, Professor emeritus of Geophysics, ETH Zürich, Switzerland.
By 2016, geothermal heat contributes about 4  to the renewable heat generation. Geothermal heat pumps grow globally by
about 20  per year, this representing one of the fastest growing renewable sectors. Electricity is generated from two kinds
of geothermal reservoirs: naturally permeable rocks containing hot ƅuids (steam or hot water) and hot but virtually dry and little
permeable basement rocks. The Ƅrst type has ample hot ƅuids (e.g.: steam or water) available, but occurs only rarely at special
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Table 1: Global comparison of installed capacity and annual energy production of renewables in 2015 (Ren21 2016)

locations, so-called hydrothermal reservoirs. In contrast, the second type contains little or no ƅuids. Therefore, permeability
needs to be created by technical operations, and the heat extracting ƅuid needs to be circulated from the surface.
Currently, the worldwide installed capacity amounts to 13.3 GWe and the annually produced electricity to 75 TW h (0.3  of the
global production). Table 1 provides a comparison with other renewables for 2015, compiled from data in REN21 (2016):
While lately wind power capacity grew annually by 25  and solar PV even by 35 , the annual geothermal growth is slow – only
about 4  – and is therefore increasingly falling behind other renewables.
Practically all geothermal power plants produce from hydrothermal reservoirs requiring special, rather rare geologic settings.
Therefore, the only option for accelerating geothermal power growth signiƄcantly are man-made Engineered Geothermal
Systems (EGS). The prospects of EGS are superb: the heat content of deep rocks is immense and ubiquitous. But producing
the heat at the surface in technically feasible ways and economically useful quantities still comprises a great challenge for
technology development. This requires dedicated sufƄciently funded research and development in due time.
REN21, 2016. Renewables 2016 Global Status Report, REN21 Secretariat, Paris; ISBN 978-3-9818107-0-7, http:www.ren21.
netstatus-of-renewablesglobal-status-report, retrieved 10 October 2016.
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Fig. 3: Installed geothermal power (top) and annual production (bottom) in Europe after country update reports since WGC 2005 (Antic et al.
2016)

Current Geothermal Use and Potential in Europe
Ruggero Bertani, Innovation and Sustainability, Enel Green Power S.p.A.,Pisa, Italy
Geothermal power generation currently is established in few countries only, and the threshold of 1  of national power generation
is surpassed just in three European countries: Iceland, Italy, and Turkey.
For the heating sector, the deep and shallow energy production combined is well on track to reach the targets set forth in the
Ferrara Declaration (EGEC, 1999), while the installed electric power generation capacity from geothermal sources is slightly
behind the expectations from the end of the last Millennium. Figure 1 shows the comparison of the values from the Ferrara
Declaration with the reported values from WGC and EGC events, assuming the reported values represent the status in the year
prior to the respective event.
In 2016, the installed geothermal power generation capacity is about 2 300 MWe. Geothermal power plants are operating in
eight countries, a number expected to rise to 18 by 2020. The installed capacity of geothermal heating from medium to low
temperature sources exceeds 9 200 MWt, of which about half is used in district heating. The installation growth rate of shallow
geothermal energy (ground source heat pumps – GSHP and Underground Thermal Energy Storage – UTES) is impressing,
reaching a capacity of at least 22 900 MWt by the end of 2015, in more than 1.7 million GSHP installations.

Fig. 4: Installed geothermal power in Europe 2012-2015 (EGC 2013, EGEC 2016, and reported expectations for 2020 (Antic et al. 2016)
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Fig. 5: Share of installed capacity in district heating (DH), agricultural uses (Agri), balneology (Baln) and individual building (Indiv) in geothermal
direct use in Europe (Antic et al. 2016)

Geothermal Electricity
Geothermal electricity production in Europe is growing further, both in the traditional high-enthalpy areas, and in the low-medium
temperature resources through the extensive utilization of binary plant technologies. Figure 2 shows the development reported
at various World Geothermal Congresses (WGC) and European Geothermal Congresses (EGC) since 1995, and the forecast
to 2020. Regarding electricity, the minimum target of the Ferrara declaration (EGEC, 1999), for the year 2020 might just be met
(Figure 1).
The average load factor is also increasing, having achieved values above 75 . Single plants report values of almost 100 . The
rather poor average load factor in Germany of the past periods, being a result of teething problems in new binary plants and of
the fact that most of the early plants are part of district heating schemes and need to share the geothermal resource with the
heat supply, has improved considerably and reached about 55  in 2015.
Geothermal power still is a marginal contributor to the national electricity networks. In large countries like France and Germany,
even geothermal power production in the order of 100 GW ha does not lift geothermal over the threshold of 1 . The only
country with a substantial geothermal share is Iceland, where more than a quarter of the national electricity production comes
from geothermal sources, followed by Turkey and Italy. In Turkey, now new on 2nd rank, geothermal power plants of slightly less
than 1  of the countries electric production capacity allow for about 2.5  of national production (calculated using OECD
Ƅgures).

Fig. 6: Installed capacity in geothermal direct use in Europe 2015, showing the share of district heating in the total direct geothermal use (Antic
et al. 2016)
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Fig. 7: Installed capacity in geothermal direct use in Europe 2012–2015, and reported expectations for 2020 (Antic et al. 2016)

The development of installed capacity and annual production in the currently producing countries is shown in Figure 3. In Italy,
a steady growth of installed capacity on a high level is seen, while annual production shows some slight variations. The main
growth in Iceland was from 2005 to 2010, with installed capacity stable since 2012, also on a high level.
Finally, Figure 4 shows the installed capacity for the different countries by the end of 2012 (EGC 2013) and 2015 (EGC 2016),
and the values expected for 2020. Turkey had the highest increase in the last 3 years with about 480 MWe installed new, and
is expected to lead in Europe by 2020 with more than 1 GW, according to current plans. It can be seen from Figure 4 that the
huge potential that EGS might offer (Geoelec, 2013) is not yet reƅected in the national targets until the end of this decade. Most
of what is reported this year is based on the currently available high-enthalpy resources and low-to-medium-temperature binary
power plants. The growth up to 2030 and 2040 might look different. However, this requires a massive development of EGS.

Geothermal Direct Uses
In the past, the reported geothermal energy used as heat was mainly the share used in district heating and in some of the
agricultural uses. In particular the amount used in spas and balneology is difƄcult to determine and was often not reported.
Figure 5 shows the average distribution into the different sectors. In Hungary, almost half of the geothermal heat goes to
agriculture etc., and a third to balneological applications. In Italy, heat for individual buildings and other applications is in the lead,
while district heating dominates the consumption in Iceland with almost 90  and in Germany with 85 .
Figure 6 shows the total values for each country and the share of geothermal district heating thereof. Some countries like Turkey,
Italy or Hungary have a high share of other direct uses and would be much undervalued if only geothermal district heating is
considered. In other countries, like Iceland, France and Germany, distric heating is the main use of geothermal heat.

Fig. 8: Share of installed capacity in the three geothermal sub-sectors in Europe as of 2015 (Antic et al. 2016)
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Figure 7 is a synopsis of numbers reported for 2012 and for 2015, and the forecast for 2020. Compared to past reports, the
expectations for the future are much less ambitious, probably a result of the general economic situation.
Regarding the number of shallow installations, installed capacity and energy produced is by far the largest sector of geothermal
energy use in Europe: The shallow geothermal share increased from 63  in 2012 to 67  by 2016. It enjoys the widest
deployment among European countries. The total number of geothermal heat pumps installed in Europe exceeds 1.7 Million
of units. Leading, by far, is Sweden, in particular considering its less than 10 Million inhabitants. Germany with a much larger
population of almost 82 million comes in second, with less than 23 of the Swedish GSHP number. Other important countries
with more than 50 000 installations are France, Austria, Finland, Switzerland and Norway. The number of new installations per
year is typically about 3  – 6  of the existing stock, with some noteworthy exceptions.
The largest amount of newly installed capacity was in Finland, surpassing even the numbers for Sweden, the country leading
by installed capacity. Shallow geothermal energy is used also in some countries that did not report to EGC 2016 (Luxembourg
can serve as a small, but interesting example here, with good growth and some large installations), and we can state that there
is almost no country in Europe without some shallow geothermal use.

Conclusions
After years of steady growth and high interest in new projects in the Ƅrst decade of the Millennium, the signals now are more on
consolidation.
In geothermal power, Turkey has emerged as a new leader with very dynamic development, while the current top countries
Iceland and Italy now only have a small growth, albeit on high total level. The players from these countries hence are active
elsewhere in the world to develop new geothermal projects and to transfer their experience.
For direct uses, some countries have a good development in the agricultural sector, in particular the Netherlands and Hungary.
District heating is growing, but much work here also goes into refurbishment and “repowering” of existing plants. The share of
district heating in all direct use still is about 47 , with balneology taking another quarter of the total. The distribution in individual
countries can vary widely. The shallow geothermal sector has a varied development, with problems in some countries (France),
consolidation on high level in others (Sweden, Germany), and high relative growth in places like Finland, Poland and Lithuania.
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Chapter III
The War of Currents –
How DC Technology Lost the Battle 150 Years Ago,
but May Win the War Exploiting Its Full Potential in
a Volatile, Liberalized Energy World
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Abstract
The liberalization of the energy market has signiƄcantly impacted the entire structure of the energy supply system. In a liberalized
market the electrical energy supply changes from a top-down centralized power generation system towards a more decentralized
system, with many distributed power generators, in particular combined heat and power (CHP) systems. In addition, partially
due to incentive programs and a strong commitment of governments to reduce CO2 emissions, vast amounts of renewable,
dispersed but volatile power generator systems (mostly wind and PV) are being installed.
To cope with this new landscape of dispersed, volatile generation, several measures must be taken to provide a robust and
secure energy supply of electrical energy. In particular, next to fully automated demand side management systems, all sorts
of energy storages (in form of heat, cold, gas and batteries) and more ƅexible grid structures are needed. This section explores
the potentials of DC technologies in power generation, transmission and distribution systems. The role and prospects of stateof-the-art power electronics, a key enabling technology to realize a modern energy supply system, is discussed. The potential
efƄciency gains, material and cost savings that can be realized by using DC technology in electronic substations and distribution
grids are so substantial that a radical change towards DC technology cannot be ignored.

Fig.1: Simple line diagram representation of the EU29 (= EU27 in 2000, plus Norway and Switzerland) energy grids in 2000, prior to market
liberalization. Electricity production is done primarily by large-scale (GW range) central power stations based on nuclear and fossil fuels (coal,
oil and gas). About 185 GWpeak of down stream hydropower is installed, mostly in Norway and Switzerland, and 40 GWpeak of pumped hydro
1. This contribution is an abridged and updated version of a paper submitted in 2014 to the IEEE IPEC Conference, Hiroshima, Japan, entitled “Power Electronic Technologies for Flexible
DC Distribution Grids” >1@.
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Introduction
Global climate change, local air quality and cost of fossil fuels have made many researchers and politicians aware that innovations
towards a sustainable energy supply is mandatory to maintain or improve quality of life. Accidents with nuclear power plants,
political considerations and free-market policies made by the turn of the previous century, changed the energy supply landscape
in a signiƄcant way. Indeed, market liberalization led to a massive decentralization of energy producers, as compared to the
centralistic power production with large scale central power stations that was in place (see Fig. 1), for example in Europe. Similar
to the communication market, since 2000 Europe enforced a market liberalization of the energy market successively in EU
countries. By 2010, in just one decade, about 110 GWpeak power generation capacity of wind and PV was installed as illustrated
in Fig. 2. What went mostly unnoticed to the public is the fact that in the same period more than 70 GW of combined heat
and (electrical) power (CHP) units were installed, mostly in factories, waste management systems and large buildings. Of these
small-scale co-generation power plants, approximately 25 GW was based on biomass and waste power plants. Also shown
in Fig. 2 is the growing interoperability between the electrical grid and local heat grid or heat storage systems, as well as the
(intercontinental) gas grid. The total system exerts a higher exergy (i.e. utilization of primary energy), because with decentralized
mini-CHP far less heat is wasted compared to large GW-scale central power units that typically do not have co-generation. So
far, the electrical grid has proven to remain stable. However, the amount of renewables and decentralized power units cannot
be increased indeƄnitely without additional measures, some of which will be discussed in the next sections.
Based on the political desire to develop a so-called CO2-neutral society, the question arises if the construction of a CO2 free or a
100  sustainable electrical power generation system is technically feasible. Taking the European power system as an example
and extrapolating the increase of new installation capacities of wind, PV and CHP systems between 2010 and 2011 >2-4@, a
CO2-neutral electrical power system could be built in approximately 15 years (by 2025). The installed capacities and electricity
production and storage systems, shown in Fig. 3, could, from a technical viewpoint, cover the entire EU electricity consumption.
Note that, in order to realize a CO2 neutral energy supply, it is anticipated that despite all energy saving measures, the electrical
power consumption will continue to increase up to 5000 TWh in the next decades.

Fig. 2: Simple line diagram representation of the EU29 (= EU27 in 2000, plus Norway and Switzerland) electrical energy grid in 2010, ten years
after market liberalization. The dramatic change towards more decentralized and renewable power sources is visible, totaling an installed 70
GW of CHP, biomass & waste power systems, 85 GWpeak of wind power and 25 GWpeak of PV systems
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This is a direct consequence of the electriƄcation of many sectors. Indeed, electric heat pumps continue to gain interest in the
heating, ventilation and cooling (HVAC) sector, while the electriƄcation of the transportation sector gains renewed impetus with
the introduction of electric passenger cars (as illustrated in the low-voltage grid of Fig. 3). This increase of clean electrical energy
consumption is also predicted in EU-DigiTren studies >2@.
Of course, the linearly extrapolated capacities that are shown in Fig. 3 only hold when the Levelized Cost of Electricity2 (LCOE) of
wind turbines and PV systems remain constant relative to each other. Due to the continued decrease of PV-module prices over
the past years, investments in PV have grown much faster than those in the wind sector. Indeed, according to the most recent
statistics of Eurostat >5@, the installed capacities of PV systems reached already 87 GWpeak in 2014, producing about 100 TWh of
electricity. On-shore wind stayed on track with an annual growth of 12,5 GWpeak per year, reaching 130 GWpeak by end of 2014,
producing annually 275 TWh of energy. On contrast, off-shore wind capacities reached only 11 GWpeak by 2014, producing 41
TWh. Compared to the 2011 linear extrapolation, off-shore wind lags behind.
The author considered innovations such as local (medium duration) heat storages in homes >6@ and (strategic) long-term storage
in gas (compressed or liqueƄed). The latter is needed because periods for as long as two weeks of no wind and little PV power
have been recorded during wintertime all across Europe. Such periods are nicely described by the German word; Dunkelƅaute,
i.e. dark lull (of wind speed with little sunlight) and seem to occur rather regularly every Ƅve years >7@. Only gas storages,
due to their high-energy density storage capability, can provide such long-term, strategic storage of energy. To ensure CO2
neutrality, this gas should be produced from biomass or by converting excess electrical (renewable) energy to hydrogen, using
electrolyzers. Converting gas back into electrical power and heat can be done with fast starting gas engines and small-scale
(MW range) gas turbines. Both technologies are well developed today and are commercially available. It can be expected that
fuel cells, such as high temperature solid oxide fuel cells (SOFC), which offer a higher electrical efƄciency, low noise and less
maintenance, will also Ƅnd opportunities in this ultra-decentralized energy market. As pointed out above, these co-generation
units are needed to provide back-up power when renewable sources are not covering demand over longer periods of time. In
contrast to large central power stations, future small-scale power units are designed for low cost and fast (black) start as they
typically will operate around 3,000 hours or less per annum. Most likely, these units will be aggregated to form a virtual power
plant (VPP) to guarantee stable operation and cost effective dispatching.

Fig. 3: Diagram representing a possible future CO2 neutral electrical energy production for EU29. About 13 of the installed energy production
and power base is installed at the transmission level, 13 at the distribution level and 13 at the low-voltage networks in buildings and homes.
Storage systems and CHP units provide balancing power at each voltage level
2. Levelized Cost of Electricity is the net present value of the unit-cost of electricity over the lifetime of a generating asset.
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As well-isolated buildings and homes require little heating but more cooling power, heat pumps will be increasingly used in the
built environment. As a consequence, the electrical power consumption in the distribution grid will increase substantially. Local,
short-term storage for grid support can be provided by batteries, for example, by intelligently charging and discharging batteries
of electric vehicles (EVs). Studies show that with intelligent charging algorithms EV battery life can be improved while providing
grid support >8, 9@. Hence, the interoperability with the transport sector, in particular the electric vehicle sector, becomes on the
one hand a challenge for the distribution grid, but also offers opportunities to support the electrical grid infrastructure. Clearly,
to minimize power consumption and maximize utilization of renewable power, next to storage and automation systems, ƅexible
electrical distribution grids are essential to balance supply and demand in an economical way. The following sections will focus
on how to make electrical grids more ƅexible, considering a CO2-neutral electrical energy production based on a mix of volatile
renewable power sources (wind and PV) and controllable power sources, such as gas turbines in CHP units with gas storages,
as depicted in Fig. 3.

Requirements of Electrical Distribution Grids with Ultra High Level of
Decentralized Power Production
One can ask the question why electrical grid structures have to change when electrical power production changes from highpower central power stations towards more decentralized small-scale power plants that may include a large fraction of volatile,
renewable power generators. To provide an answer, the next section brieƅy explains the inventions and the design concepts that
led to the classical alternating current (AC) grid structure that was developed over the past century. Next, the shortcomings of
the classical AC distribution grid are pointed out. Solutions that are based on modern power electronic devices can provide not
only a higher level of ƅexibility, but also improve efƄciency. It is shown that the proposed multi-terminal direct current (DC) grids
offer the potential of substantial cost savings.

Major Inventions that Determined the Structure of the Classical AC Grid
The IEEE Online History >10@ and the book “Empires of Light”, authored by Jill Jonnes >11@, are must-reads for anyone interested
in the early history of electrical power systems. Both sources support the fact that the most important invention that led to the
electrical transmission and distribution grid, in effect was the “secondary generator”, nowadays called the transformer3. In those
days, no one except for Westinghouse, a mechanical engineer, understood the importance of the transformer as a medium to
step up voltage of (low-voltage) AC generators to enable transmitting electrical power over greater distances. A tenfold increase
in voltage reduces the current by a factor of ten but reduces the losses in the same wire by a factor of 1004. In practice, the
conductor cross-section of cables or overhead lines can be made smaller to reduce their cost signiƄcantly.
At the time the “war of currents” was being fought between Edison and Westinghouse no technology existed that could
transform the DC voltage of (low-voltage) DC generators to high-voltage DC. Hence, DC generation was bound to the “one
mile” power stations, which was ultimately proven to be expensive and impractical. Indeed, DC generators were driven by
steam engines, which had only 6  efƄciency and were belching too much smoke and soot while causing too much noise in
any urban environment. As such, Edison was Ƅghting a loosing battle even when it was clear to many that DC transmission
would have been more efƄcient than AC at the same voltage level. The transformer Ƅrst made this voltage conversion for AC
possible and its operating principles, which go back to fundamental laws of physics, worked only for AC. Its practicality for
electrical transmission was Ƅrst demonstrated at the 1893 World Expo in Chicago. In the same year, the Niagara Falls Power
Company awarded Westinghouse the contract to construct AC generators and an AC transmission system from Niagara to
Buffalo >12@. In the following decades, many famous engineers contributed to the further development of the AC grid. For
example, the development of three-phase transformers, three-phase transmission systems, ultra-high voltage transformers and
isolation systems (up to 720 kVac), circuit breakers, protection gear and grid topologies. Over time the transformer fulƄlled not
only the voltage conversion function but also played an important role in the galvanic isolation between voltage systems and the
coordination of protection and grounding schemes in electrical grids.
One such function, i.e. the short circuit limiting function, played an important role in the topological design and protection of
the medium-voltage AC distribution grid used to date. For electrical engineers, it is a well-known fact that, when a short circuit
occurs at the secondary side of a transformer, the transformer limits the short circuit current due to its so-called short-circuit
reactance.
3. First transformer was demonstrated by Gibbs and Goulard in 1881 and patented in 1986 (US Patent 351,589)
4. Electrical power, being the product of voltage times current p = v.i, leads to the fact that, for a given amount of power, higher voltages lead to lower currents. When less current needs
to be transmitted, the Ohmic power losses p con, which cause heat, are reduced substantially. Indeed, these losses are caused by the wire resistance R and are proportional to current
squared p con = R. i2.
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The latter is a consequence of the fact that the magnetic Ƅelds of the primary and secondary coils of the transformer, which are
mounted on one magnetic conductive (iron) core, can never be perfectly coupled. This leads to so-called “leakage” magnetic
Ƅelds, which store under nominal operating conditions little magnetic energy (typically 5 to 10 ) of the total magnetic energy
transferred by the transformer. These magnetic leakage Ƅelds have, at nominal current, little impact on the voltage ratio between
primary and secondary windings of the transformer. However, when the secondary side is shorted, these leakage magnetic
Ƅelds act as an AC magnetic resistance (impedance) and become dominant, leading to a maximum short circuit current that is
limited to 10 or 20 times the nominal current. This function is crucial, as state-of-the-art vacuum circuit breakers have maximum
current interrupting ratings around 65 kA >13@.
Short circuits and fault conditions occur more often in distribution and low-voltage grids than in transmission grids, simply
because the distribution grid spans many more kilometers of wiring and directly links to all end-users. Hence, it is extremely
important to protect both the consumers and the distribution grid. The coordination of the fault current limiting function of the
transformers with the circuit breakers is a Ƅne art that requires good engineering practice and planning when distribution grids
are designed. On the one hand, the voltage variations should remain within - 5  of nominal voltage, requiring little or no
leakage Ƅelds in the transformer, while on the other hand the short circuit current must be limited requiring leakage Ƅelds as high
as possible.

Limitations of Classical AC Distribution Grids
To reduce complexity in the coordination of circuit breakers, to limit fault currents and prevent fault propagation to other grids,
substations are typically not interconnected in medium-voltage AC distribution grids but are rather designed radially. In radial
networks only one substation can feed into a fault, which prevents excessively large short circuit currents. In addition, the
radial grid concept offers various other technical advantages, such as avoidance of circulating currents between substations.
By contrast, an interconnected grid, such as the transmission grid, provides a high level of operating reliability and operational
safety. By interconnecting large central power stations and networks, electrical energy can be re-dispatched through multiple
high-voltage power lines when one power station drops out, avoiding regional black-outs. Interconnected grids are deemed
essential to provide auxiliary power to large central power stations, in particular the cooling water feeder pumps of nuclear
reactors. The basic layout of a radial (AC) and an interconnected (DC) distribution grid is illustrated in Fig. 4 and Fig. 5.
A further downside of a radial distribution grid is the fact that all end-users behind one single transformer experience the same
voltage sags or loss of voltage when disturbances occur on that line. For example, a transformer failure or cable fault in or near
the substation would lead to a complete power loss for all loads connected to that same line. The short-circuit impedance of
the transformer inevitably leads to a voltage sag, that will be experienced by all customers connected to that substation, when
a short circuit occurs at the connection point of one single customer. To prevent total loss of power, some redundancy can
be provided. AC distribution grids are equipped with transfer switches or the so-called open ring bus concept, as is shown in
Fig. 4. In both cases, the power is transferred to a healthy substation when a fault condition occurs upstream. Very fast solidstate medium-voltage transfer switches between multiple feeders have been developed to allow voltage sag-free transfers >14@.
Nevertheless, most transfer switches are still based on mechanical switches and may require up to 20 cycles (of line frequency)
to disconnect and subsequently reconnect the loads to another substation. Such transfers are rare but as most end-users do
not have back-up systems to bridge the short interruptions during transfers, they may experience ƅicker, voltage sags and drop
out (reset) of all electronic equipment.
In conclusion, as transformers cannot dynamically regulate voltage (they only transform the voltages with a Ƅxed transformation
ratio) or actively limit short circuit currents to safe interruptible levels, best practice was to build distribution systems in radial fashion
with an open ring bus circuit topology between two substations. The consequence of this approach is that the healthy feeder
and substation must be able to take over the additional transferred load. It is not uncommon that the substation transformers and
cable networks are therefore massively overdesigned for worst-case scenarios. In addition, the transformers in the substation
need to be derated to be able to take the load of the additional customers. This may explain why transformers in distribution
systems are known to outlive their (25 year) design life, sometimes by a factor of two to three. Indeed, most of the time they are
being operated at partial load (due to the ƅuctuating power consumption of the consumers) and the fact that they are installed
with 30  up to 50  derated nominal power, to be able to absorb the extra losses in case loads of another substation are
transferred to them. Although this approach is wasting a lot of installed transformer capacity, it was a reasonable approach in
the past, because transformers had become relatively low-cost products (many competitors could make them). In addition, they
are very efƄcient (no-load losses are around one percent of rated power), extremely robust and require little maintenance.
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Fig. 4: Classical grid structure, comprising a multi-terminal inter-connected transmission grid (top) to which large-scale renewable and central
power stations are connected and a radial medium-voltage (middle) and the low-voltage (bottom) distribution grid. The circle in the mediumvoltage distribution grid denotes a transfer switch of the open ring bus

Fig. 5: Future grid structure, comprising a multi-terminal inter-connected DC transmission grid (top) to which large-scale renewable and central
power stations are connected and an interconnected medium-voltage (middle) and the low-voltage (bottom) DC distribution grid
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However, problems arise in radial grids when consumers of electrical energy become prosumers, for example feeding energy
from PV installations back to their substation. Under certain conditions, this reverse power ƅow causes severe over-voltages
(above 5 ) as the cable and transformer impedances now create a voltage increase for the loads connected to the same
substation. Complex reactive compensators (VAR compensators) or tap changing transformers can solve this overvoltage
problem in AC grids in a limited way. However, each solution adds costs to the AC distribution grid, causes extra losses and
impacts the robustness and reliability of the distribution grid without any added technical beneƄts to the prosumers and grid
operators. On top of that, the regulators are slow to offer Ƅnancial compensations for such VAR or voltage control services.
This explains why many high-tech power electronic solutions, such as VAR compensators, voltage restorers even Flexible AC
Transmission systems (FACTs) and Custom Power devices >15,16@ have not found widespread use, as they are deemed to be too
expensive and add even more complexity to the overall coordination of the AC grid.

Reasons to Build Interconnected Distribution Grids
In many regions and countries inside and outside EU, the unbundling of generation and transmission also led to an unbundling of
transmission and distribution companies. The Transmission System Operator (TSO) is no longer responsible for the distribution
grid, which is operated by the Distribution System Operator (DSO). Under these market regimes, the DSO may choose to
interconnect the substations on the (medium-voltage) DSO side, thereby creating an interconnected distribution grid. Indeed, it
may pay off to avoid reverse power ƅow from the DSO to the TSO. These situations will occur more often when more and more
decentralized power is being produced, especially when large PV and wind farms are connected to the DSO network. One can
easily imagine that the DSO may have to sell power to the TSO at one substation while buying energy back from the TSO at
another substation. Such conditions may also occur at historical (national) boundaries of electrical grids. Neighboring DSOs may
want to exchange energy of prosumers between them, rather than buying and selling from the TSOs.
Such interconnecting of substations also makes technical sense, as interconnecting distribution grids would provide a higher
level of reliability of energy supply and lower operational losses, similar as in the transmission grid. Above all, interconnected
distribution grids enable a higher level of utilization of the substations. In his PhD, assuming substations with similar power
ratings, de Graaff showed that interconnecting three substations (via AC-to-DC converters, connected to a common DC link)
greatly reduces the required power handling capacity (apparent power) of each transformer from 200  to 150  >17,18@.
Indeed, when one out of three transformers fails the two remaining transformers can provide full power to all loads, including the
transferred loads of the failed substation. In other words, the transformers can be continuously used to 66  of their nominal
power rating (instead of 50  with two substations). Extrapolating this result to, for example ten substation transformers, they
would reduce the required capacity of each transformer to 111  of their maximum load. The continuous utilization of each
transformer could go up to 90  of its nominal rating while still providing N1 redundancy. This also means that transformers that
are almost half the size as compared to the classical radial open loop topology, could be installed. In conclusion, interconnecting
AC substations via DC grids could lead to greater ƅexibility (power dispatching) and major cost savings of AC distribution grids.

Flexible Multi-Terminal Medium-Voltage DC Distribution Grids
To overcome the problems of classical AC grids, modern medium- and high-voltage DC (HVDC) technology can provide technical
solutions that are, compared to AC solutions, less expensive and are socially more acceptable. The latter stems from the fact
that DC technology lends itself better to underground cable networks, as has already been done in HVDC transmission systems.
Two innovative concepts have to be introduced in order to realize an interconnected distribution system, namely, interconnected
medium-voltage DC (MVDC) distribution networks and multi-terminal DC-to-DC conversion substations capable of handling all
voltage levels. Such DC-substations link HVDC transmission with MVDC and low-voltage DC (LVDC) grids in city quarters and
buildings, as illustrated in Fig. 6 >19@.
From a technical viewpoint, AC medium-voltage substations can be interconnected via DC grids using AC-to-DC power
electronic converters that are connected to a common medium-voltage DC bus. Such systems not only provide redundancy at
lower transformer and cable costs, but also provide greater ƅexibility to exchange power between substations. In addition, the
AC-to-DC converters can also provide voltage (VAR) control for the AC distribution grid so that more prosumers can connect
to the existing AC grid and participate in the CO2 neutral economy. Of course, when AC grids with different voltage levels are
interconnected, the DC voltage of their corresponding DC grid will differ. Hence, a multi-terminal DC distribution grid requires
DC-to-DC converter substations. They mainly comprise DC-to-DC converters and DC circuit breakers >20,21@. The fact that in
the early days of electricity power electronic conversion systems were not available, led to the development of the AC grid as
we know it today. One can truly state that power electronic DC-to-DC converters were Edison’s missing link to realize a multi-
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Fig. 6: The future energy grids will comprise multi-terminal HVDC networks that feed power, via electronic transformers, in a medium-voltage
DC ring bus cable network. The DC-to-DC converters provide an interface to DC power sources, such as PV, electrolyzers and battery energy
storage systems (BESS). Wind turbines, combined heat and power (CHP) units and pumped hydro storage systems (PHSS) are linked to the
MVDC bus via robust and low cost converters

terminal DC grid that is more ƅexible, cheaper and efƄcient than the existing AC grid technology. These power electronic DC-toDC conversion systems are sometimes called electronic DC transformers. This technology exists today and may give us a tool
to win the “War of Electricty”!
Over the past 25 years, the need for on-board DC power supply systems for aerospace, automotive and traction applications, for
example in high-speed trains, locomotives, off-highway vehicles and ships have supported continued research and development
of high-power medium-voltage DC-to-DC converters. Among these, the so-called (three-phase) Dual Active Bridge Converter
(DABC) was proposed in 1988 as an alternative power supply systems for NASA space station >22, 23@. The basic concept of
the DABC is illustrated in Fig. 7a.
The entire topology can be perceived as a three-phase bi-directional DC-to-DC converter (operating in simple square wavemode, without PWM) or as a galvanically isolated bi-directional buck-boost converter. The latter is apparent when looking at a
single-phase diagram that is shown in Fig. 7b. This explains the fact that the DABC can provide buck-boost voltage control,
i.e. increase and decrease input and output voltage ratios, simply by phase shifting the primary and secondary voltages. In
addition, zero-voltage soft-switching operation over a relatively wide operating range can be achieved, which explains its very
high efƄciency.

(a)

(c)

(b)

Fig. 7: (a) Dual active bridge, three-phase DC-to-DC converter schematic, (b) single line diagram of DABC, (c) 5 MW demonstrator
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Fig. 8: Modular design allows adaptation to different voltages levels, linking medium-voltage (left) to high-voltage (right) terminals by parallel or
series connection of DABCs

System level studies on DC grids, in particular on DC collector grids for offshore wind farms, showed the great potential
cost savings on investments and ef�ciency improvements as compared to wind farms with classical AC collector �elds �25�.
These results spurred further work on high-power DABCs to develop control algorithms for more ef�cient operation, better
dynamic response �26, 27� and to compensate asymmetric currents in classical three-phase transformers designs �28�. In
addition, new power electronic devices �29�, such as the MTO �30�, ICT �31�, IETO �32� and Dual ICT �33-35� were developed to
improve robustness (short circuit protection), reduce cost and further reduce semiconductor device losses in DABCs. Detailed
design tools were developed to assess the proper topology, e.g. DABC versus Dual Active Bridge Series Resonant Converter
(DABSRC) �36� or single- or two-phase versus three-phase variants. These design tools allow selection of layout, materials and
components (magnetic transformer core, semiconductor devices), while optimizing overall ef�ciency over a de�ned operating
range (power cycling, variable input-output voltage range) �24�.
Using available state-of-the-art IGCT devices, materials and components, these studies led to the realization of a utility grade
5 MW, 5 kV DC-to-DC converter at E.ON ERC, RWTH Aachen University (see Figure 7c) �37�. For maximum ef�ciency, the
selected topology is a three-phase dual active bridge bi-directional converter (DABC) operating at 1 kHz. It uses a 180 μm
Si-steel lamination core and standard IGCT power stacks �38�. By adding resonant capacitors, the IGCT stacks (three 3.3 kV
devices in series for N+1 redundancy) can be operated under soft-switching conditions. Detailed analysis and experiments show
that at rated power and voltage, the DABC converter can achieve ef�ciencies of up to 99.2 � at 1 kHz. Designed for the same
hot-spot temperature (i.e. same life time), the medium-frequency transformer has a ten-fold power density compared to 50 Hz

Fig. 9: Estimated price (��MVA) evolution of 50 Hz transformers (bottom curve) versus medium-voltage VSI PWM inverters. Price transformers
(30 � Cu, 70 � Fe) based on evolution of copper and cold rolled steel materials �50�, multiplied with factor (typically 1.4) to account for Cuwire and lamination production and a factor (typically 3) for enclosure, production, transportation and installation of the transformer. Price of
converters based on sales prices of medium-voltage drive converters for wind turbines
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transformers >24@. At ETHZ, two-phase DABCs were successfully demonstrated for automotive and traction applications >39,40@.
At the FREEDM NSF Engineering Research Center at North Carolina State University, DABCs are used in AC-to-AC solid state
transformers >42,44@ and 10 kV SiC MOSFET devices are tested in DABCs up to 12 kHz >43@. No doubt, high-voltage SiC devices,
operating at higher frequencies than silicon devices, can further reduce size and material costs of DABCs. This illustrates that
the developments of new materials for DABCs, both for improved semiconductor devices and magnetic cores, are still ongoing
and have high potential to make DABCs ultimately even more cost competitive than classical AC transformers.
Due to its galvanic isolation, the DC-to-DC converter can be used as a power electronic building block (PEBB) to link mediumvoltage systems to high-voltage systems or low-voltage DC systems (see Figure 8). The modularity offers high potential to
deƄne standard PEBBs that can be mass-produced. Hence, a “plug-and-play” concept can be readily realized with DABCs for
MVDC grids. Furthermore, as the current can be fully controlled by the DC-to-DC converters (due to its buck-boost capability),
intelligent DC substations can be realized to control power ƅow in a multi-terminal DC distribution grid. Studies have shown
that such interconnected multi-terminal system can provide very high part-load efƄciency >45@, can avoid overload conditions
and limit short circuit currents. Innovative concepts of linking DC systems with existing AC systems (hybrid grids) allows higher
utilization of existing AC infrastructure >46@, while improving reliability. Indeed, multi-terminal DC systems allow power ƅow control
between multiple AC substations (see previous section), which allows increased utilization of the infrastructure of existing AC
distribution grid, while providing higher levels of redundancy.

Economic BeneƄts of DC Dstribution Networks in Wind Farms
Over the past decades, the price regression of medium-voltage power electronic converters has been spectacular, while the
cost of transformers has steadily increased due to increased cost of copper wire and Si-steel lamination (see Fig. 9). One can
state that, since 2013, the price per kVA of medium-voltage voltage-source inverters (DC-to-AC converters) has dropped by an
order of magnitude, equaling the cost of 50-60 Hz transformers. Note that in a DABC two converters, as shown in Fig. 7, are
used.
This enormous price regression allows power engineers to rethink the electrical grid infrastructure, in particular when more
decentralized, renewable or small-scale power generation is installed. The beneƄts of DC grids are most apparent in collector
Ƅelds for off-shore wind farms. Current off-shore wind turbine technology is based on medium-voltage full power converter
concepts. As shown in Fig. 10a, a modern wind turbine comprises multi-megawatt, medium-voltage generators, variable
frequency AC-to-DC pulse width modulated (PWM) voltage source inverters (VSI) for rectiƄcation, followed by Ƅxed frequency
DC-to-AC PWM inverters that feed power in the (medium-voltage) AC collector grid via Ƅlters and 50 Hz transformers. At the
platform, 50 Hz transformers convert the medium-voltage collector Ƅeld energy to high-voltage AC. Subsequently, this energy
is rectiƄed to transmit the energy in a HVDC undersea cable. This energy is converted back from DC to AC using inverter

Fig. 10a: Structure of AC grids, showing power converters (transformers and power electronics)
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Fig. 10b: Structure of DC grids, showing power converters (transformers and power electronics for DC-to-DC converters)

substations to feed the wind farm energy into the AC transmission network on-shore. From the generator up to the HV AC
on-shore substation it can be easily calculated, that assuming best case i.e. full power (rated) efƄciencies, the total wind farm
conversion losses of all converters (97 to 99  efƄciency) and transformers (98 to 99) amount to a staggering 8,7  of the
power produced by the wind farm. At full power, a wind farm with a DC collector Ƅeld (see Fig. 10b) that feeds directly in an onshore HVDC transmission system would have only 3 losses. In addition, switching the entire wind farm to a multi-terminal DC
collector Ƅeld would reduce the maintenance costs of the wind turbines substantially, because the complex DC-to-AC PWM grid
side converter is eliminated >50@. Furthermore with DABCs switching at 1 kHz, the weight of the off-shore conversion platforms
decreases down to 30 , which reduces construction costs signiƄcantly. Early studies estimate that with DC collector Ƅelds the
infrastructure investment costs of the wind farm can be reduced by 8  >25@.
Using typical off-shore North Sea wind proƄles and wind turbine performance data, the load cycle efƄciency (LCE) of the wind
farm can be computed >25@. The net output energy delivered of a 1 GWpeak (installed generator capacity) wind farm with DC
collector Ƅeld, simulated over a one-year period, is approximately 6  higher due to the higher (full and part load) efƄciency of
the DABCs as compared to the PWM inverters and low-frequency 50 Hz transformers. Hence, assuming an average feed-in
tariff of 40 bMWh, a 1.0 GWpeak wind farm operator with AC collector Ƅeld looses approximately 8.9 Mb on revenue each year
due to conversion losses compared to the DC wind farm operator (who, on top of this, paid 8  less CAPE; and operates with
less maintenance costs). Recent studies show similar results for large scale PV farms. DC medium voltage collector Ƅelds reduce
CAPE; and OPE; in a signiƄcant way >49@.

Economic BeneƄts of DC Distribution Networks
The impact of medium-frequency electronic DC transformers (DC-to-DC converters) on the cost of the entire power generation
and voltage conversion infrastructure can be estimated. In Fig. 11a the number of voltage transformation steps is shown for
a typical AC power plant transmission and distribution system. In some countries (like Germany) an additional regional 110 kV
high-voltage AC grid is used, which is operated by the DSO and adds one more voltage transformation level. Typically, the active
material of 50 Hz transformers weighs around 2.5 kgkVA, while 50 Hz generators at 1,500 rpm weigh between 8 to 10 kgkW.
To transmit 1 GW of active power, approximately 20,000 tons of copper and Si-steel are needed.
The transformer of a 5 MW, 5 kV DC-to-DC demonstrator, operating at 1 kHz, has a power density of 4 kVAkg (0.25 kgkVA)
>24@. Using the future decentralized generation scenario of Fig. 3 (wind farms, low- and high-speed CHP units) and assuming
a full DC electrical grid, the weight of all medium-frequency transformers in the DC-to-DC converter stations can be estimated.
As illustrated in Fig. 11b, the low-power conversion systems (from medium voltage to low voltage) are also assumed to have
the same power density as the high-power HV units, i.e. they operate at around 1 kHz. In reality, low-power converters can
switch at much higher frequencies and have higher power densities. The weight of the medium-frequency transformers per
GW5 transmitted power is a worst-case estimate. On average, about 7,560 ton of copper and steel is required to transmit and
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Fig. 11a: Material (Copper and Si-Steel) use in generators and transformers in classical 50 Hz AC systems

Fig. 11b: Material (Copper and Si-Steel) use in generators and power electronic converters for DC grids according to the sustainable energy
scenario illustrated in Fig. 3

distribute one Gigawatt of power. One can estimate that a full DC grid system can save at least 10,000 tonsGW of transformer
materials, leading to a material cost saving of approx. 29 MbGW on copper and steel or a saving (on price) of around 87 MbGW.
On the other hand, the full DC solution would require additional power electronic converters. The cost of these power electronic
converters (at today’s prices of 20 bkVA, to be expected to reduce to less than half in the next 10 years) can be estimated to
be around 66 MbGW (estimated 33 MbGW by 2025). Note that no additional inverters are required in wind farms, PV farms or
high-speed generators that feed directly in HVDC grids. In addition, the AC grid requires additional FACTS converters to control
power quality (VAR compensator, DVR, etc). The costs of these devices were not accounted in this analysis.
Obviously, DC converter technology reduces cost of medium-voltage DC collector Ƅelds and HVDC and MVDC substations.
Additional beneƄts can be found in the wiring (cables) of the medium- and low-voltage distribution grid. Most European lowvoltage distribution systems use three-phase, four-wire 400 Vac cables. Clearly, a MVDC distribution grid all the way to the enduser, for example at +- 5 or 10 kV, will require far less conductor material. However additional beneƄts result from the fact that the
DC-to-DC converters in the DC substations and those at the user site (to provide low-voltage DC) can accurately regulate voltage
at prescribed (customized) levels. As a result static (due to DC resistance) and dynamic voltage drops in power lines can be fully
compensated. Adding battery storage systems in the low-voltage grid, local voltage sags and interruptions can be eliminated.
In DC grids the DSO can provide uninterruptible power at relatively low cost. The migration of these additional functions in
the distribution grid can be compared to the development as seen in the PC market. Whereas desktop computers needed
uninterruptible power supplies (UPS) to protect against data loss in case of power outages, laptop computers and their batteries
have this UPS function integrated at very low cost. As standard AC transformers cannot perform such voltage regulation, the
voltage drops (caused by resistance and inductance, i.e. their reactance) in many low-voltage AC cables can only be limited
by reducing the cable currents to about 30  of their maximum continuous current rating. In most distribution networks, AC
cables are gravely underutilized. In other words, the ampacity (current rating) of the cables can be up to three times the peak
power that is delivered to the end-users, which is a major cost factor. Prosumers cannot fully utilize the available ampacity of the
cables. Hence, power quality regulations, i.e. voltage limits, tend to limit the maximum peak of installed renewable (PV) power
generation in urban AC distribution cable networks gravely. Stieneker analyzed both the investment costs and the operational
costs using typical load proƄles of households in an urban AC distribution grid >51@. This study compared these costs for several
scenarios using low-voltage AC (400 V), medium-voltage AC (6,6 kV) and medium-voltage DC (+-5 kV) grids. It is shown that the
infrastructure costs for MVDC distribution grids is marginally higher (6.6 ) than for classical 400V AC grids. Indeed, the costs for
5. 1 Gigawatt (GW) equals 10 9 W, i.e. 1000 Megawatt (MW). Large central power stations (e.g. nuclear) reach power levels in the range of one Gigawatt.
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Fig. 12: Future “smart homes” with PV and heat pumps (right side of picture) will use DC bus systems, eliminating the need for multiple UPFCs
and can provide fast charging to EVs. Note that building can be connected to both the AC and DC distribution grids via dedicated power
electronic converters

the power electronics converters are almost compensated by the lower costs of the cables. In contrast, the investment costs for
the MVAC solution is almost Ƅve times higher due to the high amount of required transformer capacity. Compared to the 400 Vac
grid, the grid losses in the MVDC can be reduced by 90.2 , whereas the MVAC grid lowers the Ohmic losses by 89 . Taking
the cost of these losses into account over a period of 25 years, the operational costs of the MVDC are about ten times lower than
the 400 Vac system, leading to about 40  less total costs (capex and opex) when using a MVDC grid.
No doubt, the transition from consumers to prosumers and likewise from AC to DC wiring in single homes and apartments will
take a long time. This may create the impression that the transition to DC grids or hybrid grids (mix use of AC and DC) in the
low-voltage distribution grid may be difƄcult. Understandably DC technology is often met with a lot of skepticism, even in the
technical community. Some would say that this transition towards DC will never happen. On the other hand, the fact that DC
technology lends itself better to use underground cables, it is expected that it will be socially more acceptable >47@. Despite
the long life span of transformers and cables, DSOs operating in large cities claim that 80  of the distribution infrastructure is
renewed within 15 years. This relatively fast turn-around is caused primarily by the changing load centers in cities. Under such
conditions and due to the fact that MVDC systems provide great ƅexibility and controllability up to the end-user, the transition
from low-voltage AC to MVDC in urban grids could become reality faster than it has been realized up to now.
Clearly the transition to DC technology will accelerate when the potential economic beneƄts of DC technology can also be
found in the low-voltage wiring in homes and buildings. New energy-efƄcient homes will have electrically driven heat pumps and
ventilation systems. Many homes possibly have PV installations with battery storages, while future homeowners may have at
least one electric vehicle (EV) and want fast charging. An interesting paradox can be noted. These modern homes and buildings
will consume far less fossil fuels for heating but will require more electricity to run heat pumps or to charge EVs. The amount of
electrical energy produced by self-production (PV) or taken from the grid will depend on the economical optimizations end-users
will perform. Nevertheless it is the author’s believe that both systems (self-consumption and energy from the grid) will exist side
by side on approximately equal levels, as electricity prices will settle between prosumers and grid operators.
Today, next to heat pumps, many appliances, such as vacuum cleaners, washing machines, dishwashers and refrigerators are
based on brushless DC motor drive technology. Internally, these appliances use DC power. As they are connected to AC grids,
they need power electronic rectiƄers with unity power factor corrector (UPFC) capability. UPFCs are required to comply with
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AC grid noise and harmonic current guidelines and standards >52@. These AC to DC interfaces tend to be complex and remain
relatively expensive. It can be estimated that about 50 to 60  of the overall power electronic converter cost in appliances is
caused by the grid side UPFC. Major cost savings can be realized in DC distribution systems by avoiding the complex inverter
systems that provide unity power factor and low-harmonic current content.
Future smart homes will use DC-to-DC bi-directional converter modules to connect to the DC distribution grid, which would
further reduce material costs of the distribution grid substantially. All large micro-generators, storages and loads can be
connected to this DC building- or domestic-grid, such as PV modules, batteries, heat pumps, washing machines and fast DC
chargers for EVs. Studies show that using EV batteries as bi-directional storage devices in homes could actually extend the
operating lifetime of the battery >8@. Using bi-directional chargers >9@ would be beneƄcial. If the vehicles use low-voltage batteries
with DC-DC converters (as illustrated in Fig. 12), then a direct connection to the DC grid is possible without any additional power
electric infrastructure.
The proposed DC grid for the all-electric home (eHome) provides to “prosumers” interfaces with a high level of automation using
distributed intelligence >54@ and demand side management at lower cost and higher ƅexibility >55@.

Standards and Guidelines for DC Grids
Despite the fact that low-voltage DC (380 V) systems have been demonstrated in buildings and data centers, for example in
South Korea, Japan and the US, uniform international IEC standards are not yet available. Several standardization committees
and engineering associations initiated work on guidelines that may become standards. At the 2012 IEEE-EPE Energy Conversion
Congress and Expo, CIGRE presented a test circuit (B4) for exploring by simulating the effectiveness of interconnected MVDC
distribution networks that are integrated in AC distribution systems. The CIGRE working group WG SC C6.31 started a feasibility
study for guidelines for medium-voltage DC distribution systems in 2015. The ambition of the CIGRE working group WG C6.31
“Medium voltage DC Grid Feasibility Study” is to create a wide overview on many aspects of MVDC utility technology >56@.
Among others, surveys are conducted to understand the needs of and motivation for MVDC grids, to provide an overview of
the on-going R&D studies and projects, and to list the technical requirements and lessons learned. A Ƅrst draft of the report is
planned by mid-January 2017 and Ƅnalization is planned for the fall of 2017. Since a number of technical questions are still in the
research stage, the study will identify the needs of further concretization, e.g. selection of voltage levels or grounding schemes,
rather than providing answers to standardization. Researchers of PGS at E.ON ERC and Forschungscampus FEN are active
members of this working group and are assigned chapter editors.
More activities are already on-going in the low-voltage area, depending on the application (lighting, embedded renewable
energy sources, DC distribution grid) and voltage level. Among others, a DKE (Deutsche Kommission Elektrotechnik Elektronik
Informationstechnik in DIN und VDE) working group of the German Electrical, Electronic and Information Technology Association
VDE has published its roadmap for guidelines and standards on low-voltage DC for homes and buildings >57@.
In the US, an alliance of companies and research centers called Emerge Alliance
e is working on guidelines and components for
380 V24 V. The Green Grid Platform At Home, a voluntary organization in Japan, is exploring the use of DC grids in building
up to 400 V and proposes for low-power (100 W) telecom and electronic devices a local DC bus at 12 - 24 V. For 300 W
components, such as lighting applications, fans, media players and large screens, 24-48 VDC is proposed. Worth noticing is
the draft document for a European Standard on power supplies (for telecom) that was proposed by ETSI EN 300 132-3-1 V2.1.1
(2011-10) for DC voltages up to 400 Vdc >58@.

Conclusions
In summary, the main cost advantages of DC multi-terminal networks with large number of decentralized power generators are:
ƒ Higher efƄciency in energy conversion systems, due to the fact that less conversion steps are needed and DC-to-DC
converters can have less losses than 50 Hz transformers
ƒ Higher power capacity in DC cables
ƒ Lower infrastructure costs in the distribution grid and less material use (less copper and Si-steel) in energy conversion
systems (electronic transformers)
ƒ Higher reliability of the decentralized power generators that require otherwise (for AC) grid side PWM VSIs. Less maintenance
cost
ƒ Potential off further cost reductions, especially with new existing materials (SiC, magnetic materials)
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The Energy Transition Needs Flexibility Options
In the public discussion, one can hear statements such as “Storage technologies are the bottleneck of the large scale roll-out
of renewable energies.”, “Necessary storage technologies as well as capacities are not available to overcome the problems
with ƅuctuating renewables.”, or “Storage technologies substitute the demand for new transmission lines”. Our research has
been dedicated to build a profound knowledge base to answer questions on the demand for different technical storage options
and their potential in the future energy system. The goal was and still is to give fundamental background for the more complex
statements that the future decision maker will have to make.
Ten years energy storage research at E.ON ERC revealed many new Ƅndings regarding the demand for storage systems in
an energy system with increasing share of ƅuctuating renewable energies such as wind and photovoltaics (PV). In addition,
especially in the Ƅeld of battery storage systems, signiƄcant technical progress and cost reductions occurred within the last
decade. As a result, new technical solutions as well as business opportunities have evolved. These developments have been
closely monitored and analyzed by our institute. This report summarizes major achievements in the Ƅeld of energy storage
research by analyzing the signiƄcance of storage systems in the current and future energy system. For this purpose, the results
and conclusions from four projects in different Ƅelds of storage applications are presented. Finally, the main conclusions and
needs in the development of regulatory frameworks to pave the way for more successful market introductions of storage systems
are drawn.

Energy Storage in the Current German Electricity Grid
First of all, it has to be clear that storage technologies, which are available today, could technically overcome all identiƄed hurdles
in an electricity system with a share of 100  renewable energy. Short-term storage demands in the range of seconds to minutes
could be served by batteries based on different materials, ƅywheels or supercaps. Medium-term storage, which would have to
cover several hours, could again be delivered by batteries, pumped-hydro or compressed air energy storage systems. For a
couple of weeks long-term storage systems based on hydrogen with underground caverns or large scale pumped hydro power
plants are the best choice1. In the future, there is need and potential for further improvements of all the mentioned technologies
to achieve higher efƄciencies, better energy densities, lower environmental impact and, foremost of all, cost reductions.
In the electricity system, these technical storage solutions compete with different other options, which are able to stabilize the
grid operation such as grid extensions, smart grid operation or demand-side management, to name just a few. For further
information, we refer to an extensive study on ƅexibility options, which was chaired by the author, substantially supported
by Benedikt Lunz and Philipp StÓcker, and Prof. Elsner (Fraunhofer ICT KIT) >1@. Grid-stability can be achieved as long as
the residual load is balanced at any point in time. The residual load is positive if the power demand is higher than the power
generation from ƅuctuating renewables and it is negative if power generation from renewables exceeds the power demand.
Positive residual load can be balanced either by decreasing the load demand or by adding additional power into the grid, either
by controllable power generators or by discharging storage systems. Negative residual load can be balanced by increasing the
load demand, by shedding the active power generators, or by charging storage systems. The demand for ƅexibility is in practice
met by the most economical solution. This is the reason why the demand for storage systems remained low in Germany even
though the capacities in wind and PV increased to more than 80 GW2 >2@.

1. The latter option could be made accessible in the necessary degree only in Scandinavia, which would have to be connected to continental Europe via massive new transmission line
capacities.
2. The mean demand in the electricity system is around 60 GW for Germany. With the provided energy of the PV and Wind installations around 20  of the annual demand is met.
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I must commend the team at Aachen for their excellent work in addressing the wide range of opportunities and issues
facing the development and deployment of energy storage technologies, in support of Germany’s transition to a lower
carbon energy system.
The work presented in this report from RWTH Aachen University highlights many of the issues also facing us in the UK,
as we seek to lower the carbon intensity of our economy. In particular, in response to the climate change challenge, the
UK’s electricity system is expected to integrate signiƄcant amounts of intermittent renewable generation, potentially in
combination with less ƅexible nuclear and Carbon Capture and Storage (CCS) plant, while segments of transport and
heat sectors are expected to be increasingly electriƄed. Integration of the low capacity value intermittent generation
accompanied with possibly very signiƄcant increases in peak demand driven by transport and heating electriƄcation, may
lead to very signiƄcant degradation in the utilisation of generation infrastructure and electricity network assets leading to
very considerable increases in system integration costs.
In this context, energy storage can deliver multiple beneƄts to the system by (i) reducing generation operating cost by
enhancing the ability of the system to absorb renewable generation, (ii) reducing generation investment costs by contributing
to security of supply, and (iii) offsetting the need for interconnection and transmission investment. Furthermore smaller
scale distributed storage can, in addition (iv) reduce the need for distribution network reinforcement driven by electriƄcation
of the transport and heat sectors, while the most signiƄcant savings enabled by storage are in (v) reducing the need for
investment in low carbon generation, while meeting carbon emission reduction targets.
Furthermore, electriƄcation of the transport sector, in which energy storage technologies play a critical role in both the
short, medium and long term, also plays a key role in enabling a low carbon economy, especially when coupled with low
carbon electricity systems.
It is evident that the UK, as an island nation with ambitious carbon reductions targets, will place increasing value on the
ƅexibility offered by energy storage to manage its transition to a low carbon energy system. It is also clear that no one
energy storage technology will meet the needs of the future energy system, with a range of services requiring a range of
storage characteristics, from the rapid delivery of power in a matter of seconds, through to longer term energy storage
over hours, days or weeks.
We need to both learn by doing today, to scale up and re-risk promising technologies, and develop our strategies to
interface and control storage technologies, and we need to support the underpinning research that will continue to drive
down cost and increase lifetime in the future, both by improving today’s storage solutions, and by developing new solutions
based around alternate chemistries, materials andor concepts.
Hence, I look forward to continuing to learn about solutions to these critical challenges from the team at RWTH Aachen
University, and wish them every success for the next ten years.

So far, the very diverse and ƅexible inventory of power plants in Germany offers sufƄcient ƅexibility to compensate not only the
ƅuctuating power demand but also the ƅuctuating power generation from renewable power sources. Under the current market
conditions, even existing pumped hydro power plants do not earn money as the spread between high and low price times at the
spot market decreased in recent years, with typical price spreads on the intra-day and day-ahead market 25 b per MWh3. If
the new levy for the funding of CHP units will have to be paid by systems for grid services, the business model of pumped hydro
power plants will be even further diminished.

The Role of Energy Storage in the Future Energy System
Three developments will have an inƅuence on the further implementation of storage technologies in the system4:
1. An increased share of ƅuctuating renewables
2. An increased interconnection between the main energy sectors
3. Fair access and payment for demand side management

3. Internal evaluation of EPE; spot market prices for day-ahead and different intra-day products.
4. This is, all in all, currently the perspective from the German view point. Other countries might persist on the operation of e.g. nuclear power plants or coal and natural gas with CCS
technologies. Such power plants could be operated ƅexible as well, but will face in any way a relatively small number of full load hours.
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In the next decades, the share of renewables are planned to increase so that the set targets for CO2-emission reductions can
be reached. Therefore, the role of storage technologies in an electricity system with high shares of ƅuctuating renewable energy
has been analyzed. Such a system has to be designed to cover the longest possible period with no or very low generation from
ƅuctuating renewable energies, so called “Dunkelƅauten”. Historical weather data for Europe show “Dunkelƅauten” of up to three
weeks occurring on average every ten years. These periods of extended “Dunkelƅauten” occur all over Europe simultaneously
as it reƅects a very stable meteorological condition, which persists throughout the whole continent. Even though extended interEuropean grid connections are often discussed as a necessary prerequisite for the large-scale roll-out of renewable energies,
our Ƅndings >1@ clearly show that this will not solve the most pressing problem of extended “Dunkelƅauten”. They really require
gas turbine capacities in the order of the average load consumption which should ideally be ƅexible to use fossil gas, biogas,
methane or hydrogen made from renewable power as part of long-term storage systems. However, once these capacities have
been installed5, they will cover also shorter periods with positive residual loads and subsequently, medium storage systems
including batteries and demand side management for covering loads beyond a few hours will then not be needed >1@. For an
economic operation of long-term storage systems, which would be able to cover even the longest “Dunkelƅaute” of up to three
weeks, an electricity system with a share of ƅuctuating renewables well beyond 80  would be required >1@.
Another important evolutionary step within the energy system has to be taken. To support the deep decarbonization of the
energy system, currently separate sectors, of power, heatingcooling and mobility have to be further integrated (“inter-sectorial
coupling”). Within such a system, energy is transferred from one sector to another offering new opportunities and challenges
for system management. In particular, the integration of electricity into other sectors will play a major role in the decarbonization
process of the energy system. In the case of surplus power generated by renewable sources, the mobility sector could use
electricity, heat could be generated for example through heat pumps and gas or other valuable chemicals could be produced via
hydrogen, generated by electrolysis. In such an interconnected electricity system, smart meters will help to direct energy ƅows
in the most efƄcient and economical way. In the near future, electric vehicles and PV-home storage systems could become an
important element for the stabilization of the power system by means of intelligent demand side management (grid-to-vehicle
approach). In the longer term, gas produced from surplus renewable electricity could be used in heating processes, for mobility
applications or – if very large surpluses exist - could be converted back to electricity in power generation units.
These inter-sectorical connected energy systems offer inherently high ƅexibility potentials and therefore reduce the demand
for dedicated6 energy storage systems. But, this also makes the analysis and the identiƄcation of the demand for storage
systems very complex. As an example, it turned out from several system analyses that there will not be any additional demand
for large scale pumped hydro or compressed air power plants in the several 100 MW range in the future >1@. The same service
for the energy system even at a higher ƅexibility and better spatial distribution will be offered in the near future by demand-side
management using electric vehicles, heating systems for space heating and hot water, or demand-side management in industry.
The marginal costs of such technological solutions are low because they are already in place for a primary use and can easily
be made accessible for a secondary use. Centralized storage systems must normally reƄnance their investments solely from
grid services and this brings them into a handicapped position in the market. Therefore, these systems must look at options that
allow stacking of different market services within one storage unit7.

Currently Evolving Markets for Battery Storage Systems
Despite these Ƅndings based on in-depth macro-economic analysis of the future energy system with its high level of complexity,
additional micro-economic markets for energy storage systems are already growing.
IntensiƄed digitalization and communication increase the demand for uninterruptible power supply systems to stay online even in
the case of black-outs. ElectriƄcation of rural areas with more than 1.5 billion people, who have currently no access to electricity,
will be mainly based on PV systems and thus require battery storage systems. The extension to so called micro-grids will also
be solutions in current electricity grids where further grid extension will become too expensive (e.g. small islands in Norway).
Such batteries must cover the load demand for a few days in case of extended bad weather periods and therefore the necessary
battery capacities are relatively high.
In addition, energy storage systems get more and more attractive in applications where end-users are able to reduce their
5. Independent from the speciƄc technology, there is a strong need for a new market design for the power sector. The todays’ merit order principle is simply not working with large share
of power generation from sources with marginal costs close to zero and it will not foster the installation of capacities which are needed only few hours a year but which are essentially for
the services for the public. By the way, 50 GW of gas turbines would be an investment of 15 to 20 billion Euro, to be spend over a period of maybe 30 years f
6. Dedicated storage systems are solely operating in the electricity sector (electricity-to-electricity).
7. Currently dubed multi-use or value stacking.
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electricity cost. Savings could occur from increased self-consumption from a user‘s own ƅuctuating power generator, e.g. PV
generators on private houses or industrial sites. Another application is peak shaving, which is used to reduce the maximum
power drawn from the grid and by that lowering the price paid for the grid connection.
In summary, the results of comprehensive analysis taking into account foreseeable technology developments including pricing
and inter-sectoral coupling of the energy system show a relatively moderate demand for additional energy storage systems
dedicated solely for balancing the grid in the coming years. Assuming an optimal managed energy system and a sufƄcient
electricity grid with necessary expansions, additional dedicated energy storage systems are not needed before the share of
ƅuctuating renewable energies exceed 40  of the total yearly power demand. Long-term storage systems are not needed
before the share of renewables is beyond around 80  of the total yearly electricity demand, and they will most likely be based
on storing hydrogen or methane in underground caverns to be utilized when necessary for electricity production via gas fuelled
power plants. Such long-term gas storage systems will probably be needed within next 20 years8, which means we have time
for them to be developed and put in place, as more renewable capacity is installed on the system. However, short and mediumterm ƅexibility demands will be addressed in the short term by a combination of demand-side management and energy storage
systems (electrochemical and thermal systems). They will be mainly installed in households and industry for the primary reason
of cost savings.
All in all, we expect a strongly increasing market for battery storage systems in the coming years, motivated by local system
optimization by the individual energy user or operators of decentralized power generators, and for avoidance of local grid
congestion, especially in the low and medium voltage grid. Grid services such as frequency control will be offered in about 10
years mainly from demand-side management including storage systems in vehicles or in PV home storage systems. Until then
there is an interim decade for large scale battery systems in the MW range. Business models that stack value streams from
different applications in one storage unit are very promising. From discussion with early market players it becomes clear that the
biggest obstacle for such business cases is the current market regulations and grid codes.
In the following section, we will present results from projects dealing with PV-home storage systems, large battery systems
for grid services, intelligent charging strategies for electric vehicle ƅeet operation for minimum grid loads and optimum battery
lifetime, and the inter-sectoral coupling of the heat and power system in private households. All examples will show that these
new markets for battery storage systems grow because of the dramatic improvement in performance and reduction in costs for
batteries. Especially, lithium-ion batteries show a very strong cost reduction as a result of the economy-of-scale effects caused
by the growing electric vehicle market. Additionally, lithium-ion batteries offer efƄciencies beyond 90 , cycle lifetimes of 3,000
to 10,000 full cycle equivalents, and low packaging volume. Several other battery technologies besides lithium-ion are already
in the market or under development, but they are all under considerable pressure due to the price drop of lithium-ion batteries
mainly driven by the automotive sector with its potentially very high production capacities.

PV-Homestorage Systems: Market Development and further Potential
The German Federal Government and the KfW banking group issued a market incentive program for decentralized Photovoltaic
(PV) Battery Systems that came into effect on May 1st, 2013. The program aims towards an accelerated market introduction of

Fig. 1: Development of the German market for small residential PV Battery Systems from 2013 until 2016

ƅuctuating renewables. The current plans of the German government are to increase the share of renewables in power generation towards 55 to 60 . This results in the assumption that
it will take more than 20 years to come to the point where long-term storage systems are needed.
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Fig. 2: High-resolution measurements of residential PV Battery Systems

Fig. 3: Test laboratory for PV Battery Systems

small storage systems that increase self-consumption and grid relief at the same time. Through the market incentive program,
which was extended in 2016, more than 25,000 systems were registered for funding until the fourth quarter of 2016, creating
a commercially viable market. To additionally gain an understanding of the market dynamics as well as the grid effects of an
increasing number of small storage systems, the market incentive program has been supervised from the start by a monitoring
program from the Institutes PGS and ISEA, funded by the Federal Ministry for Economic Affairs and Energy (BMWi). This
monitoring program is carried out at RWTH Aachen University.
As part of their funding requirements, all funding recipients have to register with the monitoring program before receiving their
repayment grant. The open data is available online on the website ZZZVSHLFKHUPRQLWRULQJGH. During the registration
process, technical data of the solar power generators, the battery systems and the respective households is collected. By
analyzing this core data, statistical statements regarding the number and type of battery systems, their size and average retail
prices, and the geographical distribution of PV Battery Systems in Germany can be made.
Since 2013, around 50,000 PV Battery Systems were installed in Germany (see Figure 1). These storage systems are used
to increase solar self-consumption, but can also relieve the low-voltage grid, especially in rural areas by taking up the peak
generation during noon. This is a result of the funding restrictions as the funded systems are required to cut their maximum
power fed-in into the local grid at all times by 50  based on installed PV peak power.
In addition to the statistical market analysis, Ƅeld tests of 20 privately operated PV Battery Systems have been conducted
within the scope of the monitoring program. These high-resolution measurements allow an in-depth evaluation of the operating
strategies, battery aging and grid behavior. In Figure 2 (left side), one of the measuring systems is depicted. The measuring

Fig. 4: Cost degression of realized projects and expected price development on cell and MW-scale system level >3@
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Fig. 5: BESS cumulative installations in Germany for the provision of FCR with split into the different battery storage technologies >3@

system was especially designed for ongoing, high resolution data acquisition in the Ƅeld. An example of the operating strategy
evaluation can be seen in Figure 2 on the right side. Due to a Ƅxed 50  curtailment of the PV power, a part of the produced PV
power is wasted in the given example. An intelligent energy management system (EMS) can improve utilization of the potential
solar energy generation und thus create a further beneƄt for the owner of a PV Battery System.
Results of the high-resolution measurements are currently used to standardize the efƄciency of such systems; parts of the
data are regularly made available to the public through the project website ZZZVSHLFKHUPRQLWRULQJGH. Furthermore, a
test bench for PV Battery Systems was developed to test residential storage systems under speciƄc and reproducible test
conditions (see Figure 3). The test bench is designed to emulate real operating conditions for PV Battery Systems. To emulate
load situations, three AC loads are used to apply loads to each phase of the grid and thus evaluate how storage systems perform
even under unbalanced loads. On the generation side, a PV simulator and a real PV array are available to deliver input energy;
the test setup therefore allows weather independence. The laboratory tests carried out so far include efƄciency measurements
of the power electronics and full-charge behavior of different battery technologies. The performed measurements now allow
the validation of PV Battery System models and in the next step the simulation of additional services provided e.g. demand side
management or ancillary services to the household.

Large Scale Battery Energy Storage Systems: Current Developments with a
Focus on the German Market
In the past few years, frequency regulation has become a major application for stationary storage systems, particularly battery
energy storage systems (BESS). The main driver for this development is the cost reduction of lithium-cells due to the increasing
dissemination of electromobility. The overall system costs have subsequently dropped proportionally (Figure 4, left). In the next
ten years, a further decrease in cell and system cost is expected (Figure 4, right).
All over Germany, BESS in the megawatt-scale have been put into operation recently. Almost all BESS are currently operating in
the frequency containment reserve (FCR) market, also known as primary frequency control reserve. Currently around 90 MW of
battery power is prequaliƄed for the FCR market in Germany. Another 70 MW is projected to be built within the next year (Figure
5). This would result in a possible 20  market share by batteries. Most projects work with lithium-ion batteries as the storage
technology.

Fig. 6: Bidding structure in the FCR market in winter and summer 2015 and 2016 (left) and FCR price development in 2015 and 2016 (right).
Information provided on >4@
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Fig. 7: Front view of the M5BAT BESS 2-story building with battery containers on the roof

The FCR market is now organized for Germany, Netherlands, Switzerland, Austria and - since mid 2016 - Belgium in one
shared bidding process. A closer look at the bidding structure reveals the increased liquidity in the market. There are seasonal
effects which might be caused by increased electricity demand during winter which result in fewer assets having the capacity
to participate in the FCR market (Figure 6, left). Since 2015, the median power per bid has decreased from 5 MW to 3 MW. This
could be one reason for the unexpected strong price reduction in the current year. The weekly mean prices for 2015 and 2016
are shown in Figure 6 on the right. The price level of 2015 would have allowed an economic operation of BESS. Prices below
2.000 bMWweek as seen recently will not allow cost effective operation of current BESS >3@.
Due to these trends, it has become more important to gain a good understanding of the economic factors inƅuencing BESS
operation in the FCR market. E.ON ERC therefore conducts the research project “M5BAT” to analyze and improve BESS
economics using a prototype BESS. To achieve these overall goals, a 5 MW and 5 MWh hybrid BESS9 has been planned, built
and put into operation in September 2016. The M5Bat building is shown in Figure 7. The project was realized in a coordinated
effort with partners from academia and industry. The institute of Power Generation and Storage Systems (PGS) takes the leading
role in the project conducted in a team consisting of the institute of Power Systems and Power Economics (IAEW), the institute
for Energy EfƄcient Buildings and Indoor Climate (EBC), Uniper SE, Exide Technologies GmbH and SMA Solar Technology AG.
The lead acid batteries are provided by Exide and the lithium-ion batteries are provided by Qinous, RES and Microvast.
The BESS contains two different lead-acid and three different lithium-ion battery technologies spread across a total of 10
independent battery strings. Its main goal is to economically examine the BESS by evaluating cost reduction potentials and
analyze various trading options. Usage applications include the provision of primary reserve control power and the exploitation
of arbitrage in the energy market.
With the experience gained during planning, construction and operation, a design guideline for BESS will be developed. This
documentation shall more effectively enable the rapid and easy deployment of further BESS in the future.
A scientiƄc evaluation is conducted by the institutes PGS, EBC and IAEW of the RWTH Aachen University and is brieƅy described
in the following:

Fig. 8: Range of energy consumption for an average two person household in Germany >5@
9. Hybrid in this case stands for the combination of different battery storage technologies in one operation unit.

102 | Chapter IV

The PGS institute is investigating the cost structure of BESS in order to improve its economic viability. For that reason, battery
performance and ageing tests are carried out in the institute’s laboratories in order to identify each battery type’s characteristic
electrical and aging parameters. Sophisticated battery models are derived from the obtained data which allow simulations of the
complex behavior of each battery type involved in the project. These battery models are utilized to develop real-time optimization
of the hybrid BESS operation, which is implemented as model-predictive-control (MPC). This MPC aims at minimizing the total
life cycle-cost of BESS operation by controlling the load allocation among the different battery types in an intelligent manner.
The optimized operating strategies are also used to develop simpliƄed heuristics, which can be implemented on industrial type,
low-cost hardware with possible cost beneƄts. Additionally, PGS contributes to operation concepts and examines the BESS
operation economics. Therefore, the BESS is integrated into the energy market and will be operated under realistic market
conditions. All aspects provide the foundation for an extended evaluation of economic parameters, and new insights into design
considerations for MW-scale BESS.
PGS also carries out a two-fold analysis of the power-electronic interface for such a BESS. One aspect deals with the optimized
operation of the conventional approach using a low-voltage (LV) inverter followed by a step-up transformer. The second aspect
of the PGS investigation pertains to the novel concept of medium-voltage (MV) voltage-source converters (VSCs). The main aim
of this concept is to increase the use of silicon by employing suitable power-electronic converters and to decrease the use of iron
and copper, mainly found in the bulky line-frequency step-up transformers, hence reducing the overall system cost.
Topics related to trading potentials of the BESS are conducted by the IAEW institute. Currently, the most beneƄcial trading option
for BESS in terms of economic outcomes is the provision of primary reserve control. Alternatives such as secondary reserve
control, participation in the electrical spot market and pooling with various different generation units are also considered.
The EBC institute investigates the thermal energy ƅows of the BESS. Thermal models for all types of batteries are developed,
which provides holistic simulation opportunities in combination with the electrical models. Another part of the analysis covers
the electrical power consumption of the heating, ventilation and air conditioning (HVAC) system as this causes the largest share
of the BESS’s self-consumption.

Coupling of Heat and Electricity Market:
Combination of Heat and Electricity Systems in Household
The growing share of ƅuctuating renewable electricity generation requires ƅexibility and balancing capacities in the electricity
network. Storage systems and demand side management (DSM) are valuable solutions to provide the necessary balancing
capacities. Larger on-shore wind parks are connected on medium to high-voltage levels and off-shore installations will be
connected directly to the transmission grid. Within the last two decades, over 1.5 Million PV systems were installed in Germany.
Most of those are placed in the low-voltage distribution network. Consequently, ƅexibility solutions have to be found at the
different levels of the electricity grid. For the low-voltage system, so called prosumer households, which are producer of their
own electricity while still connected to the grid, could deliver additional ƅexibility through directed demand-side management.
In particular, the ƅexibility gained from the interaction of the electric and the thermal system with the corresponding storage
systems is of great interest.
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Table 1: Basic cost assumptions for scenario calculation
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Fig. 9: EfƄciencies for conversion between energy forms in typical household appliances

The highest energy demand in houses occurs due to space or water heating >4@. For the typical two-person household in
Germany, the range of electricity consumption is between 1,500 to 3,000 kWh for electricity while 8,000-18,000 kWh are used for
heating demand (Figure 8). This segment has to be integrated into ƅexibility concepts, if the large potential for energy shifts are to
be used and the decarbonization targets met at lowest cost. One option for decarbonization in the heating sector is its coupling
with electrical power generation e.g. from PV systems through electric heater or heat pumps. For this sector interconnection, it
is important to analyze the potential for ƅexible energy consumption in private households. As one simple example, it has to be
considered that the heating demand is seasonal and thus the resulting ƅexibility potential is not available in the same amount
throughout the year. The electricity demand has less seasonality than daily cycles that do not Ƅt the solar availability.
Furthermore, a combined system for electricity and heat, which couples both sectors locally, can reduce the overall energy losses
from energy conversion in the system. These losses occur due to conversion from one form of energy into another, for example
by burning gas to generate heat. The schematic in Figure 9 shows standard conversion efƄciencies for the transformation
processes. A conversion from electricity to heat has efƄciency values higher than 100  if heat pumps are used and thus
the energy stored in the ground can be utilized. Such losses also occur due to transportation and transformation of energy,
especially electricity. If the decentralized generated PV power can be used locally, the aforementioned losses can be reduced.
Heat and power in private households are interlinked due to increasing numbers of installed PV systems on roof tops and
electrical heating systems (e.g. heat pumps) >5@. The numbers for PV installations as well as the share of heat-pumps installations
in newly built houses are depicted in Figure 10. Today renewable electricity is not necessarily the most economic source of
energy but is still an attractive source for space heating and hot water supply to many consumers. The versatility of this form of
energy, the opportunity of independence as well as the ecological perspectives appeal to a wide range of people. To maximize
the consumption of self-generated electricity, electrical storage units based on batteries and thermal hot-water based storage
systems can additionally be introduced into private households.
Besides private households with PV, heat pump and storage systems, non-residential buildings can provide ƅexibility and
increase the self-consumption of decentralized PV generated power. Non-residential buildings like super markets or ofƄce
buildings have typically larger rooftops that allow for a larger PV system. In particular, their energy demand for cooling allows for
increased self-consumption. Due to synchronous production and consumption, for example in an air-conditioned building, the
economics could be enhanced because the self-consumption rate of an existing PV system is increased and the maximum grid
connection power can be reduced.

Fig. 10: Development of installed PV power and share of newly built one family houses with heat pump >7, 8@
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Fig. 11: Yearly cost for the electricity-heat system in one-family households in a future scenario with different battery storage capacity in kWh
or tank size in litres

A centralized energy management system (EMS) steers the energy ƅows in the combined electricity heat system. It can be
designed so that the storage system relieves the grid, for example through curtailment of the PV power fed-in at noon. Also, the
grid connection power of the building could be reduced.
Furthermore, if a combined electricity-heat system is used, a gas connection could become obsolete. To ensure compliance
between the energy management strategy and the permitted status of each system component, a master-slave architecture is
used. A battery management system (BMS) observes the battery state and takes care that all operation parameters are strictly
adhered to. The same applies for the heat management system (HMS). This system takes care that the heat system delivers
enough energy to satisfy the customer needs.
The institutes PGS and EBC have been conducting studies on the current market situation (here for the UK) and the potentials
of typically installed domestic supply systems with optional retroƄts for components of the heat system. Additionally, an optimal
conƄguration and sizing of combined storage systems has been investigated for a major retroƄt or new build scenario under
different market conditions. In both cases, the potential of DSM based on the available storage systems was analyzed. The
results lead to the conclusion that for the discussed scenarios it is not economically advisable to upgrade a thermal or battery
storage unit to the energy system of an existing one family house at today’s prices and under the given market conditions in the
UK. This is mainly caused by the still relatively high price level of home storage systems and partly due to existence of feed-in
tariffs. Both of these aspects are expected to lose relevance within the next 5-10 years.
In the future, with scenarios for newly built houses, energy storage and especially batteries become very important. In our
Ƅndings, we can show that due to the heat losses10 large hot water tanks are the least economical solution to store excess PV
generation in the analyzed scenarios. These Ƅndings are shown in Figure 11, with underlying assumptions given in Table 1.
In the case of a newly built house and discarding feed-in tariffs, a high coverage of demand by the households own solar
generation is becoming even more attractive, as the production is cheaper than the electricity purchase. Thereby, it turns out
that the choice of a larger battery is more proƄtable than the choice of a large thermal buffer tank. This is due to the fact that the
current prices for households in the heating segment are 4 to 5-times lower per kWh than electricity. The relatively low heating
demand of a modern building and the high efƄciency of a heat pump make a large storage tank with its relatively high heat losses
less attractive than a lithium-ion battery system to store electricity. The 300 l buffer storage tank accounts for heat losses of
170-600 kWh per year, depending on its size and mode of operation. Due to the lower battery price, the almost loss free battery
storage becomes an increasingly proƄtable alternative to a large buffer tank for daily to weekly storage. This is mainly since the
battery’s energy can be used for any purpose at any time, while the thermal energy stored inside a buffer tank has to be used as
thermal energy within a rather narrow scope of time. Especially the electricity grid beneƄts from high ƅexibility and dynamics of
a storage unit. On the other hand, seasonal ƅuctuations may particularly call for seasonal thermal storage. This kind of thermal
storage offers a whole different set of applications and could also very well be used for inter-sectoral coupling, making this a Ƅeld
of study that is worthy of further investigation.

10. The heat losses depend on the storage size and design as well as the operation temperature.
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Fig. 12: Electric vehicle ƅeet bought for the project GoElk by the institute PGS

Fig. 13: Mobile chassis dynamometer with Smart e.d.

Nevertheless, already available thermal storage capacities can be very well used to increase self-consumption of PV generation.
For this purpose, the installation of an electrical heating system would be necessary, which is capable of using all excess PV
electricity to substitute gas-powered heat generation. This may help to advance the decarbonization of private households and
reduce cost for grid connections.

Coupling of Mobility and Electricity: Integration of Electric Vehicles into the Grid
The replacement of conventional vehicles using internal combustion engines (ICE) with electric vehicles (EVs) is one important
contribution towards a global reduction of greenhouse gas emissions. In Germany, 25.502 battery electric vehicles have been
registered in 2016 to date >6@. Compared to vehicles with internal combustion engines, EVs have higher investment costs and a
shorter range per charge. However, EVs have low “fuel”- and maintenance costs and no local emissions. An economically viable
operation of EVs is therefore possible with a high annual mileage. A high annual mileage in spite of the low range is for example
achieved in commercial operation scenarios. In two projects of the PGS, the operation of EVs were studied for the use in geriatric

Fig. 14: Results of the optimization of the charging process of 22 vehicles at one charging location with a maximum load of 76 kW. Top left:
Charging power of each individual vehicle. Top right: State of charge of each vehicle. Bottom left: Total load at the charging location (black), load
limit (blue), electricity price (red). Bottom right: Temperature of the battery packs >10@
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Fig. 15: Analysis of the Smart e.d. battery pack. Top left: Battery pack without the lid. Top right: capacity test of the battery pack with
measurement of cell voltages. Bottom left: Cell (50 Ah) of the Smart e.d. bottom right: Anode of the cell with a visible surface layer (before use
the anode is black)

care, car sharing, a company ƅeet of a utility company and the German post11. One ƅeet example can be seen in Figure 12.
Overall the operation of 30 vehicles from most recognized manufacturers in Europe was analyzed over more than one year and
390,000 km of driving distance.
The purchase of the traction battery pack of an EV is the biggest proportion of the investment cost accounting for around 4050  for the end customer. Therefore, the intensity of battery degradation is a major cost factor in the operation of an EV. The
battery degradation is a superposition of cyclic and calendar aging. The extent of cyclic aging depends largely on the driving
proƄle of the EV. Calendar aging depends mostly on the state of charge of the battery and temperature conditions. In order
to measure the battery degradation of EVs, the PGS has a mobile chassis dynamometer that can be quickly assembled. The
measurement includes the full discharge of the battery with a current rate of 1 C (one hour discharge). Subsequently, the battery
is charged fully while the charging power on the vehicle and on the grid side is recorded. This is done at the start and end of the
operation phase as well as periodically during the operation of the EV.
At PGS, a model was developed to optimize economically the charging process of an EV ƅeet. Therefore, the algorithm considers
calendar aging of the traction batteries as well as electricity price signals. Furthermore, a controlled charging schedule can also
be necessary for large ƅeets as the maximum load at the charging infrastructure cannot exceed the given power rating of the
grid connection. The model for optimized EV charging is ƅexible in terms of EV battery technology parameters, charging location

Fig. 16: Simulated electric vehicle ƅeet with 100 cars and a connection of 4.2 kW per car. Top: Available energy in positive and negative direction
with a target SoC per car set to 80 . Bottom: available power in positive and negative direction

2

free delivery - in cooperation with the FCN).
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Fig. 17: Control of the charging power of a Smart e.d. Blue: Communicated maximum charging power of the vehicle. Red: Actual charging
power of the vehicle

parameters and ƅeet usage proƄles. In Figure 14, the results of the optimization of the charging process of 22 vehicles at one
charging location with a maximum load of 76 kW are shown. Each vehicle has a 22 kW charger and is charged to a state of
charge (SOC) of 90 . Half of the vehicles leave the charging station at hour 13 while the other 11 remain until hour 14. In order
to reduce high SOCs, the charging process for each vehicle is postponed. Simultaneously, the optimization model avoids
charging at times of high electricity prices. The resulting charging schedule is the economic optimum taking the costs due to
calendar aging and the electricity costs into account. More information on the optimization model can be found in >B10@. In all of
the studies, it is also important to model the battery pack itself. The relevant input parameters of such models were determined
in Post-Mortem Analysis of battery packs (Figure 16).
According to a mobility study, vehicles (from motorcycle to trucks) in Germany only drive 36.6 minutes per day on average
>B11@. Based on our own experience in the ƅeet operation, the idle time between the full charge and next day’s operation is 4-8
hours. Depending on the type of ƅeet, the idle times differ dramatically. During the period, the EVs are not driven (primary use)
and connected to the charging station their traction batteries could be utilized for a secondary use, namely Vehicle-To-Grid and
Vehicle-To-Home applications. In such situations, it could be used as a storage system or ƅexible load to improve the integration
of renewable energies into the electricity system.
As one example, an electric ƅeet of a company with 100 cars was simulated based on measured and standardized utilization
proƄles. Each vehicle could be charged or discharged with a maximum of 4.2 kW. In the illustrated case a maximum of 70 
of the vehicles are connected simultaneously. The resulting ƅeet would be able to deliver ± 50 kW with 70 kWh12 capacity at all
times.
For the implementation of these concepts the restrictions given by the currently implemented norms in EVs and charging
stations have to be taken into account. The communication between a charging station and a vehicle can be realized, however,
the control is rather slow. In Figure 15, the charging process of a Smart e.d. is shown. The energy management system (EMS)
transmits a maximum charging power of 4.2 kW to the vehicle via the Type 2 cable (blue curve). After a reaction time of ca.
10 seconds, the EV ramps up the charging power and reaches the desired power after approx. 40 seconds of the information
transmission (red curve). Also the charge interrupt exhibits a delay. This behavior is different for each car and also depends on
the idle time of the car before charging.

So, what is left to do?
The energy transition has just started and if the set targets shall be reached, intensiƄed undertakings especially in the more
energy intensive segments of heating and cooling as well as mobility have to be addressed. Within this transition process energy
efƄciency is still the major pillar to avoid oversizing the system. Therefore, the basic rule should be:

First decrease, then produce renewably, then store!
12. 55 kWh in positive and 15 kWh in negative direction
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Fig. 18: Overview on regulative topics that apply for storage systems and the main underlying laws and regulations

Generally said, we should not produce energy just to store it at the end. So storage should not be installed out of a self-fulƄlling
purpose. The capacities that will come into the system through PV-Battery storage systems and electric vehicles should be
utilized for additional services for the grid. The basic goal should be to make these cheaper ƅexible technologies sufƄciently
available for the market. There is no one solution that solves all the requests in the future energy system. Therefore, utilization of
ƅexibility options has to be set into a technology open regulation framework. Existing technologies should be allowed to act in the
market without currently existing legislative burdens. Figure 17 summarizes some of the most important topics in the regulative
framework considering the integration of a storage system. An overview of all current laws and regulations in the energy system
of Germany can be found here >B5@. Governmental effort should be focused on allowing new storage options to enter the market
to make them available for the future energy system. Additionally, the role of grid operators and their ability to utilize storage
systems for the assurance of grid stability has to be further discussed. The inter-sectoral coupling should be implemented in a
sensible manner. In all suggested concepts, the losses for each transformation step have to be considered Ƅrst.
The provision of energy has always been and always will be a sector with strong politically inƅuence. The current electricity market
is gagged within a corset of several steering instruments and funding schemes. The idea is to steer the development towards
a low CO2-emission future. However, the complexity of the topic would need a free development of markets. The increasing
number of legislative rules has to be made more transparent and restructured to allow new and promising business models,
which are currently hindered due to legal frameworks or regulations. As an example within the German framework, batteries are
still not fully captured as they are loads as well as generation units. Depending on the status (charging or discharging), different
charges, levies and taxes apply. Furthermore, some currently set standards e.g. for the communication were worked out in a
world of large scale power plants of several 100 to 1000 MW per generation unit. Large scale battery storage systems have
power levels of less than 15 MW. The given standards and requested controls are too expensive to be applied on such small
scale systems. As an example, reliability could be treated very different if e.g. 50 units with 20 MW each are operated instead
of one 1,000 MW unit. Failing of one out of 50 units can be accepted without major problems, failing of a 1,000 MW unit could
be already critical to the grid stability. In the future, the possibilities of digital communication, cheap and safe interconnection of
smaller assets should be used.
In summary, the energy transition will need ƅexibility options. Storage is one option alongside other possibilities. The legislative
framework has to be set to allow a technology open market that utilizes the already existing technical solutions. One important
factor for a more economic implementation of necessary battery storage system will be sector-coupling with other markets.
Multi-use business models will allow a cheaper utilization of storage capacities. Battery models to characterize the electrical
as well as the aging behavior of batteries are one necessary instrument to optimize the operation of the batteries in different
applications. But, to maintain a sufferable price level for grid services of any kind, it is necessary to avoid installation of overcapacities at all times.
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Chapter V
Smart and Easy: Is It Possible?
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Introduction
Everything is getting smart. What we buy or use today is constantly deƄned as “smart“. This immediately raises a question: what
do we mean by “smart”?
From a user perspective, smart can be seen as something that should make the experience easier and simpler. Smart Phones
are making our lives easier and more efƄcient. For many of us, it is unthinkable to manage our time without the help of an
electronic calendar in our phone. We need more and more equipment that can anticipate our needs. Ideally, this easiness is
extended to every aspect of our life: this is basically what the Smart City is about.
Connectivity is the key. An incredibly large set of components, sensors and devices are becoming connected to collect, share
and process an enormous amount of data. The main goal of all this is situation awareness, which can support the end user.
This paradigm is appearing in every business sector and then, obviously also in the energy and electricity sector as well. We
hear a lot about the concept of Smart Grid but again what is smart for the grid? Smartness is the capability to act in real-time,
anticipating the needs of the users (consumption) while supporting the correct in-feed of energy (generation). The electrical grid,
together with all the other infrastructures and thanks to highly interconnected devices, anticipates the needs making the user
experience smooth.
We envision a future in which we wake up in the morning at the perfect time for our Ƅrst appointment and for our sleeping cycles.
In the meanwhile, everything around is getting organized to make our day efƄcient and pleasant from the Ƅrst moment. Breakfast
is ready and our electric car is charged (it knows our traveling needs for the day!). We do not have to worry about it. Meanwhile
the energy management system at home, a nice box connected to all our devices, is working at the provision of green energy
for the rest of the day. It may use energy from our solar panel or from the solar panel of our neighbor or from a battery installed
in our basement or from a wind-farm few kilometers away.
Main point is: we do not have to worry, take care or interfere: data are available to accommodate our needs. It sounds desireable
and deƄnitely smart, but is it easy? It is deƄnitely possible and foreseeable with current technology but very likely not easy. When
we start looking at this picture with the eyes of an engineer, we start to see that complexity emerges.
This is particularly true for the electrical grid: an infrastructure that was designed to be simple yet automated (for the needs
envisioned at the time) but that was expected to operate in a completely different way from what we plan for the future. We live
with the legacy of a planning that started more than 100 year ago and that is showing its age now. Can we still make it smart?
Can we afford it?
We can not redesign the system from scratch; we need to Ƅnd the best way to convert the electrical grid into a new infrastructure
that Ƅts our modern needs and requirements. This is not easy: our task, as researchers, is to achieve the Ƅnal picture hiding the
technical complexity from the eyes of the users.

Complexity in Smart Grids – Where it Comes From
The smart grid of the future will be complex because of the interdependencies of diverse infrastructures and because the
automation functions will be distributed. The infrastructures differ in physical nature and function, such as the electrical grid, gas
grid, heat grid and communication network. The automation, because of the size of the smart grid, the diversity of ownership,
the technical and commercial operation, cannot be centralized.
The nature of the heterogeneous infrastructures of the smart grid and their interdependencies result in complexity >1@. The
intermittency of the energy sources connected to the electrical smart grid requires compensation to maintain load-generation
balance. This may be achieved through energy storage or load shaping. The electrical energy storage, e.g. through massive
deployment of dedicated batteries, in principle represents the most obvious solution, however in practice it is not feasible in
the short term. Other solutions in which the storage has double use (like the batteries of e-vehicles) or leverages of different
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forms of energy (like gas and heat) seem viable options. Technically, the challenge comes from the need to fully automate the
management of energy in all forms and the need to develop methods for coordination, joint control and monitoring.
This vision leads to two consequences: the pursuit of maximum use of energy resources, in whatever form they come, and the
establishment of strong direct couplings between the infrastructures of diverse energy carriers. This interdependency extends to
the medium and small scale infrastructure, such as city district and individual buildings. The joint operation of energy grids and
of the individual grids in the scenario outlined above must rely on highly correlated input data. These are for example renewable
generation forecasts and load forecasts, (the latter in the case of pervasive thermal-electrical heating) are heavily dependent on
weather forecasts. The point here is the presence of unprecedented interdependencies whose effects we do not fully anticipate
and that may lead to new requirements in terms of features and accuracy of the exchanged information.
From the commercial point of view, new business models are to be developed for the operation of these interconnected systems.
This includes the creation of new markets for reserves and reactive power and other ancillary services, the establishment
of Virtual Power Plants (VPP), Virtual Storage Systems (VSS), Dual Demand Side Management (DDSM) systems (to manage
load and generation via control signals or via incentives) and the like. The markets themselves represent yet another type of
overlaying infrastructure and yet another point of coupling between the energy infrastructures. Finally, the coordination of all
these infrastructures, and the new interactions between generation, transmission and distribution in the power system, make
the communications as critical as never before. The communication infrastructure is coupled with the energy infrastructures for
technical and commercial operation.
In fact, in a broader perspective, the energy sector is not the only one undergoing transformation and in need of new communication
means. The future internet is to be designed to support all business sectors. To support the energy sector, in particular one of
the main efforts has been the European project FINSENY (http:www.Ƅ-ppp-Ƅnseny.eu) and then FINESCE (www.Ƅnesce.eu).
In the framework of interdependent grids, the distribution of automation functions is a necessity. Centralized controls are
unfeasible and undesirable. This is obvious when we consider the swarm of minuscule actors in some portions of the smart
grid, for example generation connected to the low voltage portion of distribution. This smart grid and the overall interdependent
energy system is not only complicated, because of the many actors. It is also complex, as the effect of these interdependencies
is largely unknown and unpredictable. A clear view of the coupling points and their behavior, of the methods to model this energy
system as a whole, of the data, and of the measurements is missing. No good prediction of the behavior means no good control.
Other practical aspects that represent challenges are, for example the harmonization of the standards and the ways to share
knowledge, including the privacy constraints, particularly when it comes to patterns of energy consumption of individuals. These
aspects are in reality enablers of the realization of the smart grid and can be summarized in: education and training, tools and
theoretical methods. The challenges are enormous but must and can be addressed.

Education
Interdisciplinary study and research has long been a buzz word in academia. The most prominent academic institutions have
been developing their internal organizations in this direction. The E.ON Energy Research Center of RWTH Aachen University
represents a very successful case of interdisciplinary research center in the academic environment. Nonetheless, the instruments
to systematically apply such interdisciplinary operating models are still lacking. The legal and organizational framework is not
fully ready for it; even just the integration of the disciplines of electrical engineering alone is sometimes a challenge. The creation
of truly interdisciplinary areas, with related ofƄcial degrees, conƅicts with a structure that was developed for very different (and
sometimes openly opposite) educational needs. Besides the implementation challenges, the Ƅrst fundamental question to be
answered is: what is the right learning curriculum for the smart grid engineers? For example, what should the ideal new hire of an
energy service company know? What are the topics of herhis life-long education program? How can academia support the new
young entrepreneurs of the energy sector? Can academia support the transition of the competences of the personnel in energy
businesses? Classical academic education is not the only competence-building environment affected by these challenges.
Professional education and training at all levels are equally affected. Previous smart grid Ƅeld experience lacks and so does the
possibility to train in the Ƅeld, and the availability of trainers.
Tools
The tools considered here are: the numerical tools to carry out the analysis of the complex smart grids and their planning, as well
as the technologies for de-risking new devices and algorithms thus supporting the transition from numerical to in-Ƅeld testing. In
practice these tools are primarily numerical simulators and Hardware in the Loop (HIL) and Power Hardware in the Loop (PHIL)
testing environments. The new tools should have the following features. Multi-physics, multi-technology simulation should be
able to represent all kinds of dynamic interdependences. In practical terms the simulator interface and core should support a
multidisciplinary approach, so that experts could work at different aspects of the same simulation scenario, with universally
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understood knowledge. The simulator should be capable of easy “zoom-in zoom-out”, e.g. calculate the power ƅow and then
calculate dynamically the harmonics injected by a switching power electronic interface. The dynamic and reconƄgurable model
level deƄnition enables different users to interact with the simulation schematic focusing on different details and obtaining results
in a reasonable amount of time. High-level graphic visualization should support system analysis by providing visualization options
for speciƄc variables but also a synthesis of the global picture. Finally, numerical tools should support uncertainty analysis and
propagation, from the sources of uncertainty (e.g. renewable generation, loads, prices) through the discipline borders to the
entire system. This kind of tool may also support on line operation by supporting real time decision making.

Methods and design
The methods for representing and analyzing the smart grid as a complex system are still currently missing. The challenge comes
from the different formalisms and nature of the interacting systems. As a consequence, the model is hybrid in many ways:
continuous, discrete and event driven, linear and nonlinear, with time scales from days to fractions of seconds. Performance
metrics and indicators for such complex systems are not well deƄned. This affects the possibility itself to assess the effectiveness
of the future smart grid concept, and also to make decisions. Eventually, no models and no metrics imply no methods for
designing holistic controls and components Ƅt for this environment.
Because of its own nature, the complex smart grid and the subsystems that compose it must be designed to manage uncertainty
and emerging inconsistencies, to be resilient and gracefully degrade when necessary, “joint design” of the heterogeneous
infrastructures must be followed.

Customer Level Automation
According to the EU directive 201031EU>2@, buildings in the European Union account for 40  of the total energy consumption.
Thus, the building stock offers a huge energy saving potential once heterogeneity is seen as an opportunity instead of a barrier.
Currently, the buildings and in particular their energy equipment and its operation, are planned without any consideration of the
surrounding buildings and the city district. This is partly due to the lack of interdisciplinary approaches to even represent such
interactions, other factors being for example the different ownership and building characteristics. A better understanding of the
optimal combination of building-speciƄc and area-speciƄc features, both for planning and operation, is needed >3@. Individual
buildings and entire neighborhoods could be more efƄcient and the energy management would perform better with the capacity
to manage a multi-grid system at city quarter level.
Additionally, by visualizing and tracking their own energy consumption, the consumers would become sensitive to the
high importance of energy issues and would develop energy consumption awareness. This is expected not only to impact
signiƄcantly on current consumer behavior, but also to a have long-term effect on the awareness of sustainable environment.
The consequence is the increasing consumer’s acceptance and willingness to actively participate. And active participation of
the citizens is essential for size and impact of the achievements.
A critical weakness of most energy saving and energy conditioning concepts is the lack of appeal to the consumer. A possible
way to make these concepts more appealing is that of pairing them with features which are not directly related to the energy
services. This may catch the interest of more customers and avoid withdrawing of the customers from these programs after the
Ƅrst phase of enthusiasm. The practical realization of this energy-and-more approach is a real-time information system for the
neighborhood, helping people to save energy and keeping them connected into a new concept of local community.
ICT developments in fact have the potential to impact more broadly and deeply into daily life. Cloud computing and storage is
popular thanks to its capacity to offer ƅexible dynamic ICT infrastructures. Networking and communications are also pervasive in
supporting and simplifying various aspects of every-day activities. Awareness of the surrounding environment, via the availability
and accessibility of more information, facilitates the decision making process and increases comfort. Clearly, the combination
of ICT solutions and cloud computing has the potential to support the achievement of energy saving and energy management
objectives.
As stated in a recent report >4@, a holistic, interoperable and well validated management system supported by innovative ICT
technology can resolve the implementation of the monitoring, control and optimization of the energy generation, consumption
and trading. This is enabler to the realization of the Energy Positive Neighborhood. Some key technical challenges still remain
to be addressed. Existing ICT infrastructures should be adapted in terms of communication protocols, monitoring, control and
sensing infrastructures to provide a sustainable, secure and cost effective architecture. Overall, only an integrated platform can
provide the holistic view of this system of systems for stable and secure interoperability within the neighborhood.
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For what concerns power and energy management in the neighborhood, the participants are potentially extremely numerous. In
this context, to exploit strategies like peak shaving or dynamic pricing, the use of decentralized monitoring and control solutions
is required. The need for new business models, which best unlock and support the new markets new incentives and generates
new products, extends down to the customer level. In this new paradigm of energy efƄciency, the knowledge of the consumers,
their motivations and their needs, reƅected in the services offered, is fundamental to serve the public. The direct involvement
of the customers emphasizes the role of trust. Any industry that allows the free ƅow of information between two parties must
be cognizant and protective of privacy and safety. In this respect, communication network security is of paramount importance
both for privacy and reliability.
It is to be pointed out that energy efƄciency in individual buildings or in aggregations, like e.g. a university campus, with clear
beneƄciaries and with facilities built anew, is the focus of a range of research programs, and is also now a strategic target
for many organizations. In contrast, energy management on neighborhood level is still a new topic. The integration of local
energy generation within the neighborhood is an attractive proposition as it provides opportunities for neighborhoods to be selfsufƄcient for some time or even to be energy positive. The concept of neighborhood integration and the service platform provide
industry with an open environment to deliver energy management services to neighborhoods while guaranteeing interoperability
with other systems different from the energy systems, such as security, safety, transport, trafƄc, etc.

Distribution-Level Automation
Digital monitoring, control, and management of distribution grids has been performed by Distribution System Operators (DSO)
through SCADA and computer systems in control centers and substations. The automation with intelligent electronic devices
(IEDs), at least in medium voltage (MV) is common and substations, at least primary communicate to their control center through
remote terminals units with various communication means and digital technologies. But this is just the beginning of the revolution
in the automation of distribution. The EU Report on Digitalization >5@ deƄnes the digitalization of the energy system as, ”The
process of implementing and operating a set of assets by monitoring, transferring and analyzing data which have been generated
by one of the actors in the energy system.”
This deƄnition extends the current concept of the digital activity of the DSOs. In a sense, it can be stretched to the full virtualization
of their operations, both technical and economical >13@. In this new paradigm, the source of data, the knowledge, and the
location of computation, become independent from one another. This is already the case for some applications, like e.g. state

Fig. 1: Secondary substation in Brescia (Italy) where Unareti (former A2A) has tested the LV IDE4L automation solutions
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Fig. 2: SAU in the IDE4L automation concept

estimation or reconƄguration, based on data gathered from the Ƅeld and calculations performed in the control center. But not
so obviously also the reverse becomes a viable option, e.g. local state estimation or reconƄguration on substation level, or via
Cloud computing. This scenario opens the way to very different hardware (HW) and software architectural choices. In Ƅrst place,
it becomes possible to modulate the deployment of HW, particularly in the substations, with a trade-off to be found between
classical HW for automation, HW for communication, local and remote data collection and storage. This implies potential cost
savings for the DSO depending on the evolution of the costs of technology and services in these sectors. Data sharing and
interoperability should support the offer of energy services by third parties, so that the DSO could implement e.g. sophisticated
optimization strategies, or big data analysis, or new customer services, with full knowledge of the needs and requirements in the
energy sector but with limited know-how of the implementation of the related software (SW). Finally, the DSOs should be able to
access data generated by others, like other DSOs, city district actors, or third party service providers, or share its own data, e.g.
to better coordinate with Transmission System Operators (TSO).
The digitalization of technical and business operations of the DSOs is evolving quickly. The EU report >1@ lists numerous use
cases that leverage on digitalization, taken from major current EU large projects and demonstrations.
For example, the project IDE4L has produced a full automation architecture based on digitalization, which nonetheless
accommodates the classical infrastructure and builds on top of it. Existing SCADA distribution management system and other
control center IT systems are integrated making this proposal economically viable. The automation architecture and the set of
functionalities are designed to operate a medium and low voltage active distribution grid achieving the same or better reliability
of modern passive distribution grids.
The IDE4L architecture, shaped over the Smart Grid Reference Architecture (SGAM) reference architecture and based on
standards, particularly the standard series IEC61850, core of digital substation automation, has been successfully demonstrated
in the Ƅeld and it is designed to be deployed in the next decade. The functionalities developed and Ƅeld tested by three different
commercial DSOs include: distributed fault location, isolation and supply restoration, integration of microgrids, real-time
monitoring, local state estimation and forecasting in MV and LV, real-time and day-ahead congestion management, use of
Phasor Measurement Units (PMUs) for synthesis of dynamic information to be provided to the TSOs, scheduling of Distributed
Energy Resources (DERs) for ƅexibility needs and services via aggregator. The potential to operate portions of the distribution
system locally links smoothly into the concept of active neighborhood. One of the key developments of IDE4L is the Substation
Automation Unit (SAU), which is both fully deƄned as an abstract concept and as its implementation. The modularity by design
leads to natural scalability. The same SAU deƄnition, with full or partial implementation of the functionalities, the interfaces
and the database Ƅts the automation needs of medium and low voltage substations. Depending on the choice full or partial
capabilities, the implementation of HW and related cost differ, leading to economical scalability. This is an example of the
technological winning concepts of the upcoming distribution automation.
The IDE4L architecture and application has been demonstrated in the Ƅeld in Italy, Denmark and Spain and laboratories around
Europe, including E.ON ERC at RWTH Aachen University, with Hardware in the Loop testbeds, real-time and non-real time
numerical simulation.
More advanced visions are currently being explored, for example to implement part of these functionalities in the Cloud leveraging
on the Future Internet and related platforms. On this track the smart meter data hubs of the Nordic countries can be found. One
example is FINGRID in Finland, which realizes a centralized information exchange system for the electricity retail market. Another
example is the ELHUB in Norway for balancing settlement, managed by TSOs, but supplied with data from the DSOs.
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Fig. 3: Time domain operation of the PC algorithm. The uppermost Ƅgure presents network voltages, the second Ƅgure shows reactive power
production of the controllable units and the third Ƅgure depicts the measured and estimated substation voltage and the AVC relay voltage
reference

Digitalization of the substation has been evolving with the IEC61850 standard series which is, at least in Europe, a main reference,
together with the Common Information Model of standards IEC61968 and IEC61970. The application of these standards is
extending now to distribution. In this framework the interactions of the DSOs with Aggregators, customers, and TSO may be
developed on a one-to-one basis, with related interoperability guaranteed by the standards.
To make a leap ahead, we need to look into the Internet of Things (IoT) and the Cloud solutions. A low hanging fruit of the Cloud
options at enterprise level is the DSO private Cloud. This solution would ease the data exchange process within the distribution
business; nonetheless the private cloud may also integrate seamlessly with the other solutions, such as new platform concepts
mentioned in the following, provided that the cloud platform is standardized in terms interface requirements (such as Application
Programming Interface). A cloud platform that complies with standard requirements eases the offer and purchase of services to
and from other businesses, from the access to smart meter databases to the purchase of big data analysis services to market
interactions. Taking this cloud solution to the extreme of its potential, we can picture a platform capable of interacting with Ƅeld
devices of any kind, able to store data, perform functions and interrelate businesses inside and outside of the electrical energy
markets. This is in line with the emerging needs of active participation of the customers within the city district. We see that the
infrastructure in support of multi-energy, multi-domain services for customers and neighborhoods has the same features as
the infrastructure of the operation and management of the distribution system. The assessment of these scenarios, in terms
of the beneƄts they yield, is very difƄcult, as they depend on a number of inƅuence factors, and are affected by uncertainties.
Nonetheless, performance indicators of the ease of integration of renewable sources, the decrease of emissions, the security of
supply, the societal beneƄts and more have been deƄned in the projects of the EU report.
A number of factors of inƅuence affect which scenario will eventually become reality. One techno-economical factor is the tradeoff between the cost of substation HW (intelligence, communications, computation) for operation and for communication. The
more data handling is performed outside the Ƅeld devices or substations or even control centers and the more local HW costs
decrease whereas communication costs (HW and service) increase. The settling point is unknown at the moment. However,
the trend in the communication business seems favorable to this direction. The applications could be classiƄed in critical or
non-critical and thus allocated to the Cloud or not, i.e. exposed to the risks of a new technological solution and the potential
disruptions of communication. However, this classiƄcation for the DSO may depend on the local regulation and more subtly on
how risk-prone an individual business may be. There may be resistance of the DSOs, based on cultural and legacy reasons or
on technical reasons, in allocating to the cloud the execution of some operations, that are at least perceived as critical.
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The use of the public Future Internet and the adoption of new generation wireless technologies can lead towards more
communication-intensive solutions. The transition to the smart grid and in particular the digital solutions in the energy Ƅeld are
also driven by non-technical factors, like the political push of service economy, the institutional support to start ups and new
businesses, the related societal beneƄts of opening the market of energy services. To facilitate this transition for DSOs, it is
necessary to change the regulation paradigm and start incentivizing the investment in automation and services to the same level
of grid reinforcement measures, such as installation of new distribution lines. The appearance of disruptive technologies and
business models is difƄcult to predict. However, some hints should not be disregarded. This is the case for example of direct
energy exchanges between feeders of DSOs via medium voltage DC links, or DC distribution in homes and neighborhoods.
Apart from disruptive changes, there are technical challenges in the full realization of the digitalization of distribution. One is
security, which has to be embedded and jointly designed in all data exchanges. Successful solutions have been implemented
in other sectors, like banking or healthcare and some of these solutions may be migrated to the energy sector. A glimpse of
cutting edge solutions speciƄcally developed for the energy sector are found in >8@ >9@. Open cloud platforms would eliminate the
dependency on the speciƄc cloud provider and would boost interoperability. Such open platform solutions are in development,
see for example the energy platform concept originated from the FI-PPP project FINESCE. The development of such platforms
come with high costs and with such broad and deep expertise requirements that it must be the results of the joint effort of many
stakeholders in the domain also to guarantee neutrality. Its sustainability is feasible only with alliances that do not belong to the
classical business schemas.

Essential Communications: FIWARE and the Future Internet
FIWARE is an open cloud-based infrastructure for cost-effective creation and delivery of Future Internet (FI) applications and
services >10@. FIWARE has introduced a new approach to the delivery of services on the web. It is based on an open architecture
and on the reference implementation of a novel service infrastructure, which builds upon generic and reusable building blocks,
named Generic Enablers (GEs) >1@. GEs are modular, reusable, cloud components which offer common functions. GEs ease the
implementation of complex applications.
Together with the deƄnition and reference implementation of the GEs, a cloud infrastructure, FIWARE Lab, has been implemented
to support the developers >11@. FIWARE Lab is backed up by a cloud federation of 17 cloud infrastructures across Europe and it is
based on OpenStack, a widely-used cloud management framework. FIWARE Lab offers a rich catalogue of services, including
Generic Enabler implementations (GEis) and a set of Future Internet facilities (e.g. sensor networks, 4G networks, etc.).

Energy Platform: Analysis of Requirements
The idea of redesigning the energy system as a cyber-physical infrastructure >14@ and in particular the implementation of a serviceoriented software platform for energy services have been widely discussed in literature. Most proposals are ad hoc solutions for
energy services. Instead, in order to guarantee high quality deployment and to contain cost, the platform architecture for energy
services should build on an existing open-source cloud platform solution already developed for general purposes. The Future
Internet approach follows this philosophy and represents one of the most promising opportunities. First of all, it has already been
demonstrated in other business sectors, such as >15@. Being built on the same foundations of other sectors, the energy sector
is naturally compatible with other closely linked sectors, such as the Smart Cities >16@. And Ƅnally, being based on open source
technologies, avoids vendors lock-in. Nonetheless, the energy sector sets its own requirements on the platform.
Currently numerous standards support data management in energy systems and it is hard to imagine an overarching solution.
At the same time, the future energy systems are expected to use heterogeneous data for different purposes. As a consequence,
from a practical point of view, the main requirement is to overcome the fragmentation in data management. An example in this
direction is the objective of increasing the observability of the electrical system at the medium and low voltage level. To achieve
this, one option is to use the Smart Metering infrastructure in support to grid monitoring besides the billing purposes (provided
regulation develops accordingly). To this aim, easy “plug&play” in the cloud, where data are made available and can be used
for a variety of purposes, is critical. Data of DERs such as PV or Wind installations could be exploited in the same way, however,
the data representation used for DER (mostly coming from IEC61850) is completely different from smart metering (which may
use e.g. DLMSCOSEM). A huge number of information sources are currently not completely harmonized. The synchronization
issues of the data collection should also be considered. With the current monitoring and control applications and the typical
dynamics of grid automation, the challenge is quite limited, coherently with the SCADA-centric perspective. However, in a future
grid scenario with a swarm of DERs and few traditional power plants, the fastest dynamics of the grid may turn around the
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synchronization challenge. In any case, solutions have already been proposed such as the adoption of the White Rabbit protocol
for internet precise time protocol >17@.
The functionalities supported by the Generic Enablers also need to be extended for energy services. The related requirements
have been developed based on a selection of use cases and different trials built on top of the FIWARE platform, in FINESCE >18@.
Coherently with the FIWARE architecture, this extension is formalized in a new set of software services integrated in the
architecture under the category of Domain SpeciƄc Enablers (DSE), yielding new functionalities that are typical of a vertical
business sector, in this case energy >19@. Some examples of meaningful DSEs for grid monitoring applications are listed as
reference here:
ƒ Protocol Adapter AMM: it retrieves DLMSCOSEM data from smart meters and makes them compatible with the data
format adopted within the FIWARE platform
ƒ Temporal Consistency: it performs a pre-processing of large data sets for removing invalid values. This is a typical preprocessing phase in all the monitoring operations
ƒ Weather Condition Interface: it is a REST service (developed in Java), which allows clients (e.g. Weather Condition Information
Providers) to register data about weather conditions and predictions in a speciƄc format compatible with the GE operations.
This type of information is critical to improve monitoring functionalities in the presence of renewables.
Another important requirement for a ƅexible and adaptable cloud platform, is the possibility to plug-in third party proprietary
services, such as advanced visualization services to increase customer engagement. The FINESCE activity has created an
Application Program Interface (API). The FINESCE API is an open source solution that allows third parties to interact with the
platform as an external service provider. SpeciƄcation and implementation are available as open source at >19@. The functionalities
provided through the API are groups in domains such as Authentication, Building information, Demand Response, Energy
Demand Power Consumption, Energy SupplyPower Production, Metering Infrastructure, Pricing.

The Proposed Architecture
Figure 4 shows a representation on the architecture based of the aforementioned requirements and building blocks and
organized in four layers, from Protocol and Data Modeling to API Layer.

Fig. 4: The architecture of the proposed platform
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Layer 1: Protocol and Data Modeling
This layer achieves interoperability of data originating from the Ƅeld data sources. The perfect future scenario for energy services
is the real Internet of Things, where components can be automatically plugged in and made available in the cloud. With particular
reference to the smart city, districts and neighborhoods, the multi-energy data model integration can be set as additional
requirement.
Layer 2: GEs and DSEs Integration
This is the core layer of the platform. Following the philosophy of the Future Internet, applications in this layer are built via
integrating a set of GEs and DSEs. The GEs dedicated to data management, Orion for example, are particularly critical for the
platform.
Layer 3: Service and Application Layer
This layer hosts the distinctive services developed by the entities running the platform. An example of grid Monitoring as a
Service is provided in >12@. This is the layer that differentiates one utility from another in the future, with the one offering better
services both from the grid management and the customer satisfaction point of view being the winner in the market.
Layer 4: the API
This layer represents the set of interfaces that enable third party interaction with the platform.
RWTH Aachen University has developed a prototype of this architecture, which is currently used for further development and
whose software is available as Open Source in GitHub.

European Challenges
The section above, describing the effort of developing a standardized cloud platform, is a good example of how critical the
process of standardization and interoperability is. A lot of work has already been done in this direction (see for example the high
level of standardization in the substation automation with IEC61850) but it is still a long way. This is true in particular close to the
customer premises: the lack of real standards can be seen as one of the major market hurdle to Smart Home solutions and then
for making the bottom up automation architecture a reality.
In line with this the pressure for standardization in Europe is particularly high at this time. The European Commission has set a
clear goal during 2015: the creation of the so-called Energy Union. Energy Union is a holistic integration of the energy systems
in Europe, up to the market level, and calling for a dramatic evolution of standardization. This process evolves hand in hand with
the other high level target of the Commission: the Digital Single Market.
The ideas and the concepts presented here, with an analysis of the intelligence requirements, from the home level to the system
level, outlines a proposal of direction for the creation of a Digital Single Market of Energy, i.e. the convergence of the two main
goals of the European Union. Reaching this convergence will take years but it is the only way in the end to claim, a posteriori
that, all in all, is smart and also easy.
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Abstract
The energy transition process towards sustainability – also referred to as Energiewende – is a multi- and interdisciplinary
challenge, requiring engineering, economics and a whole lot of further expertise. In this chapter, it is argued that the devil is
in the detail and that policy-makers and investors alike are urged to carefully take into account the pitfalls there are and, to be
cautious when listening to technology enthusiasts offering over-simplistic back-of-the-envelope calculations and the single-sided
vision of a bright and “smart” future. The often very low speed of technological diffusion, risk-return portfolio considerations,
heterogeneity and inƅexibility of consumers, the erosion of marginal locational value, regulatory and political risk, as well as
the lack of socially acceptable and economically viable and sustainable business models, render the energy business world a
particularly challenging one. Hence, a sound understanding of energy economics and market regulation, as well as a sober,
sound and unbiased analysis of the chances and challenges are essential ingredients for energy companies to survive in an
increasingly complex, interconnected and competitive market environment with many new players, disruptive innovation, and
radical change (paradigm shift). This is not at all a pamphlet against technological research, development and demonstration,
but rather a credo for asking the right questions, to adequately account for human behavior and social aspects and to refraining
from back-of-the-envelope calculations when it comes to complex market mechanisms, Schumpeterian creative destruction
and unprecedented societal transformation as a consequence of digitalization.

Introduction
History often repeats itself, even though in seemingly new ways. The energy transition process witnessed over the last two
decades – with rapidly increasing shares of distributed generation but also intermittent renewables that have to be accommodated
in a vulnerable supply system – is just the beginning of an enormous transformation process of our energy supply systems.
Besides intriguing new engineering challenges, it also raises the need for adequate and sophisticated policies and (re-)regulation,
new market designs, and the evolution of the institutional and industrial infrastructure in lockstep with the ongoing technical
and societal change. The involvement of the private households in large numbers – as “prosumers” (consumer-producers) in
liberalized markets, in contrast to a planned economy, can be a true game changer, making the transition comparable to openheart surgery: the functionality of the energy supply systems in operation today needs to be maintained (for electricity in any
moment in time), while simultaneously dealing with an ever-faster digitalization process also in the energy domain. Likewise,
the co-evolution of the technical system needs to be aligned with the transformation of the economy and the society, and
technological roadmaps need to be adapted to societies and markets in which they are supposed to function. All this calls for
interdisciplinary and truly integrated research on short-, medium- and long-term issues (and much education, information, and
learning) (see also box 2 on page 132).
It has become clearer and clearer over the last ten years that it was astonishingly forward-looking in the mid-1990s to deƄne and
establish a chair at RWTH Aachen University’s E.ON Energy Research Center that specializes on future energy consumer needs
and behavior, at a time when most energy economists were still almost exclusively dealing with energy market deregulation (or
more appropriately ‘re-regulation’) and related policy design issues.
Generally speaking, economics is “the art of the possible”, not in the sense of what is technically feasible, but more in what is
economically reasonable in terms of an optimal allocation of scarce resources and the aim to maximize social welfare in the shortbut also the long-term (future generations care about and are affected by today’s decisions, but have no say). The economic
dimension generally refers to two levels, the microeconomic sphere of households and Ƅrms, as well as the macroeconomic
sphere of interrelated markets. In this respect, local economic optima might not coincide with the global economic optimum, an
issue that will be discussed further below and that is relevant in increasingly localized markets and systems.
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Fig. 1: The innovation landscape funnel (Source: Energy Research Partnership, 2006; http:erpuk.orgwp-contentuploads201410
InnovLandscape.jpg). Energy and innovation economics can be useful at all stages of the energy innovation funnel, from deƄning optimal R&D
portfolios to testing and challenging new business models

The politically directed Energiewende is an enormous task that needs to be investigated in a holistic manner and with
interdisciplinary and integrated approaches and efforts. And it does make a tremendous difference whether the world is viewed
from a technocentric or an anthropocentric view. Should humans adapt to technology, or should technology adapt to human
needs and behavior? Is complexity or simplicity the answer (both Einstein and da Vinci had a clear answer to that!) and what
does this mean for the long-term prospects of certain technologies and systems, old and new ones? What about the net
beneƄts and risk and uncertainty, and what about the reliability, manageability and economics (e.g. investment and operating
& maintenance costs) of increasingly sophisticated and automated technical systems? How much digitalization and how much
‘remaining analogue life’ is considered as socially desirable (or acceptable), and how much will eventually be ‘normal’ in a new
steady state?
There always has been, and still is, a great amount of risk and uncertainty in energy markets. Apart from technical and business
risk there is also what is known as policy and regulatory risk, which is often harder to quantify and take into consideration. If
a government decides to establish a protected and subsidized niche market, as iswas the case for the renewables under the
German Renewable Energies Act (EEG), then this ought to be a temporary strategy, to be re-evaluated as soon as the niche
has grown into a mature market and as the evolutionary process goes on. Dynamic efƄciency is a concept used in economic
analysis, meaning that incentives provided should adapt to the changing environment in a useful way.

Security of supply needs to be redeƄned, and resilience – the ability to absorb unlikely and thus unexpected shocks (“black
swan” events) – potentially plays a more important role as the rebuild and increasing interconnection of our energy systems
moves on (in often widely unchartered territory). In this respect, the still ongoing, very interdisciplinary German Academy of
Sciences (AcatechENSY) study report on “Risk and Resilience of Energy Systems” (Renn et al. 2016) is worth to be mentioned,
as an exercise to better shield society, governments, and decision-makers in the energy business against unforeseen (though
not necessarily “unthinkable”) and very unlikely events with severe consequences. Resilience has to do with shock absorption
capability and capacity, and goes well beyond strategic fuel reserves to sustain an economy, say, for ninety days, and also
includes actions against threats such as cyberattacks (e.g. on hydro dams, nuclear power stations, or largely unprotected and
thus dumb so-called “smart” devices supposed to make everyday’s life more comfortable), shortage of scarce metals supply,
pipeline disruptions due to terrorist attacks or permafrost melting, among many others.
Diffusion of (technological) innovation is typically a time-consuming process, partly due to large amounts of capital and sound
long-term business cases needed to sustain the process. This makes it indispensable to better understand the dynamics
of diffusion of different technologies (both devicesappliancesmachines and required infrastructure), which are most often
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Fig. 2: Extended innovation funnel (Source: Paul HobcraftAgility; https:paul4innovating.Ƅles. wordpress.com201108extended-innovationfunnel-both-sides.png?w=869)

complementary or in competition with (but not independent from) each other, which makes the analysis considerably more
demanding (Fig. 1). The fact that a great many people have been willing to cue overnight in front of an Apple Store does not
necessarily mean that they will do that for the latest smart home technology as well, and the billions of dollars collected by Tesla
pre-production does neither indicate that this pioneering Ƅrm and innovation lighthouse will Ƅnally become proƄtable in a few
years nor is it a good indicator that e-vehicles, one of numerous alternative vehicle concepts, are about to rapidly diffuse the
vehicle market (in Germany, the substantial subsidy of b4500 granted for e-vehicle adoption still has an only negligible impact on
car sales, i.e. the policy measure desperately adopted by the government to achieve its target of one million e-cars in operation in
the country until 2020 has turned out to be highly ineffective). Detailed research on preferences regarding alternative fuel vehicles
such as the one undertaken by Hackbarth and Madlener (2013, 2016) made it quite clear that the story is not that simple, and
that smart combinations of policy measures might be necessary instead.
Climate experts agree that deep decarbonization (at 80–100  by 2050 or 2080 at the latest) is necessary, requiring substantial
efforts and marked changes in how we heat and cool our homes, how we satisfy our mobility needs, and the way we generate
electricity in a nonetheless reliable and intensively used system (capacity utilization is key to system efƄciency and the saving
of Ƅnite resources). On the fossil-fueled power generation side, carbon capture and storage (CCS) is seen by many integrated
assessment modeling experts as being an indispensable bridging technology, just like nuclear power which is almost CO2neutral but creates an enormous legacy in terms of ultra-long-term radioactive waste. Apart from social acceptance issues,
economics greatly matters for checking the viability of the options there are. In several projects, FCN has investigated both
CCS (Rohlfs and Madlener 2011, 2013, 2014ab) and modular nuclear power (Hampe and Madlener 2016) technology from an
investor’s perspective under risk and uncertainty, showing that under present market conditions both technologies are unlikely
to be favored by market participants any time soon (irrespective of unsolved infrastructural and acceptance questions). For
obvious reasons, the price of carbon – which today is as low as 5-7 bt – is an important driver for decarbonization options. Still,
the price of carbon is unlikely to rise soon to the level needed for rapid innovation, and the slow growth and high debts of many
economies (including very big ones), but also the rise of nationalism and protectionism in recent years, does not help in this
respect to spur the dynamics of innovation.
Many energy technologies are being overhyped by stakeholders with vested interests, including a plethora of different energy
storage and power-to-; systems (power-to-gas, power-to-fuel, power-to-gas-to-fuel etc.) of today still questionable economic
merit. Hence sober, sound and technology-neutral analysis is generally of tremendous value to decision-makers in the policy
and industrial sphere. The sheer presence of the numerous new technological options for decarbonizing our economy and
society, however, makes the big picture (or view of a social planner) necessarily opaque, as there is no single technology out
there that will do the job. What some experts want to be the energy future (often simply based on energy efƄciency grounds and
arguments) will very unlikely become our future, which is especially true in a market economy with much greater uncertainty
regarding the power of the people (or customers relatively free to choose among the different options).
Consumer value of a new service or product needs to be elevated above its cost. If energy consumers are not willing to pay for
certain energy services, business models crumble (Fig. 2). Often, it is not clear whether and when large-scale technology will
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outperform small-scale distributed technology, or vice versa, which creates formidable political and market risks (e.g. Madlener
and De Doncker 2009) and a high value of waiting (as reƅected in real options analysis). FCN has looked into a range of energy
storage technologies, including some from today’s perspective exotic ones (e.g. ringwall storage – Weibel and Madlener 2016;
use of abandoned underground and open pit coal mines for pumped storage hydro – Wessel et al. 2016; hybrid wind power
compressed air energy storage systems – Latz 2013; hydrogen storage – Kroniger and Madlener 2014; power to gas – Budny
et al. 2016; economic viability of compressed air energy storage – Hammann et al. 2016). A recent FCN study looked into the
competition among media to be stored for certain (salt cavern) storage site, accounting for the fact that often the availability of
suitable sites is limited, so that the most valuable storage option ought to be pursued (De Graaf and Madlener 2016). Interestingly,
one of the most often cited papers of FCN is a pioneering study on the technological development and economic potential of
photobioreactors (Holtermann and Madlener 2011).
For better or worse, Germany is internationally seen as a testbed for burning money in the Energiewende. At the same time, there
seems to be a certain admiration for the “just do it” credo and the declared will to act as a global pacemaker and forerunner
towards a sustainable (i.e. renewables-based, highly efƄcient and non-nuclear) energy system.

Some Essentials in Economics Often Ignored in Engineering-Based Analysis
and in Policy-Making
Economics is a science about the efƄcient allocation of scarce resources. Important aspects for the efƄcient allocation of scarce
resources are well-functioning markets (i.e. ideally such with full information, high competition, and the absence of externalities)
and the trade-offs with fairness (distributional considerations). In reality, energy markets are prone to negative externalities such
as those caused by pollutant emissions. First-best solutions, such as a carbon tax aimed at internalizing the external costs
related to greenhouse gases, are preferred by economists compared to second-best solutions such as subsidies for renewables
(note that the phase-out of subsidies for fossil fuels has the same impact as a tax on those). In practice, it is tempting to go the
easier way of introducing subsidies instead of new taxes (but notice that the former are much harder to get rid of than the latter)
(see also box 1 on page 127).
Many people consider climate change as the overarching problem of mankind. Hence, it is often argued that energy and
climate policy ought to be geared in a way that CO2 mitigation costs are being minimized. However, these need to be properly
modeled Ƅrst. FCN has shown in several publications why CCS is unlikely to become economical in the near future (Rohlfs
and Madlener 2011, 2013, 2014ab, 2016); it has also dealt with CO2 mitigation costs related to synthetic methane produced in
catalytic decomposition processes (Zhang et al. 2016).

Energy Service Companies (ESCOs) are important intermediaries that can help to deal with information asymmetries, mitigate
excessive risk and the fact that energy issues are often not the core competencies of many of the market actors (e.g. businesses,
households), partly because energy costs are often only a minor fraction of total expenditures. Hence, they can help to make
markets more efƄcient. Over the last six years, FCN has done important ESCO research particularly on the Russian market
(Garbuzova – Schlifter and Madlener, 2012, 2013, 2015, 2016), thus investigating a key energy efƄciency market at a remarkable
and unprecedented depth.
Rebound effects – implying that energy services that become relatively cheaper due to efƄciency gains are typically demanded
more, reducing the potential energy savings from efƄciency increases – have been ignored for a long time. On the one hand,
as a consequence, energy efƄciency may not be as effective (and thus cost-efƄcient) for resource savings as many believe or
hope for (perceived ‘low-hanging fruits’). On the other hand, there are many drivers that spur energy consumption in a growing
economy, and not every rise in consumption is attributable to rebound; likewise, rebound can be welfare-enhancing and is not
just bad, although welfare analysis makes only sense if done thoroughly (also accounting for the external effects). A very useful
overview of the state-of-the-art of rebound research in economics, common pitfalls, and remaining research needs can be
found in Madlener and Alcott (2007) and Madlener and Turner (2016). Among the arguments of the authors is that policy-makers
need to be much more speciƄc in how they formulate their questions, rather than simply asking “what is the size of rebound?”.
The rebound-related mechanisms are already very complex today, and go well beyond the relatively easy-to-understand direct
rebound effects (e.g. adoption of a more fuel-efƄcient car induces additional driving), and with digitalization will become much
more complex tomorrow. Among the many rebound studies where FCN was engaged, only two are mentioned here: Grossmann
et al. (2016), focusing on public buildings, and Madlener and Hauertmann (2011), one of the Ƅrst econometric studies focusing
on the heterogeneity of energy rebound effects among social groups in dwellings, in terms of high or low income and also
ownership versus tenants.
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Fig. 3: Comparison between a simple net present value calculation for an exemplary geothermal project (NPV strictly negative) and the real
option valuation (RO value strictly positive) (Source: Knaut et al. 2012)

Real options analysis allows for the accounting of the value of managerial ƅexibility (“value of waiting”). Flexible technologies thus
have an option value that net present value (NPV) calculations, a static approach, simply do not capture. As a consequence, the
NPV of a potential investment may turn out to be negative although the extended NPV, by including the option value, may be
highly positive. Hence attractive investment opportunities might be undervalued. On the other hand, the hurdle for investments
is higher due to the option value that is forfeited if the option is exercised (see Fig. 3 for an illustration).

Energy Market Liberalization and Needs for Further Reform Versus a Planned
Economy
Over the years, the Energiewende has been discussed predominantly regarding electricity. Market reform is still ongoing, on the
one hand regarding capacity reserves (and maybe the development of a dedicated reserve capacity market) to deal with the
increasing shares of intermittent renewables, and on the other hand regarding subsidy schemes. In Germany, for instance, the
move was from guaranteed Ƅxed feed-in tariffs to direct marketing and in 2017 also a bidding mechanism for renewable power
capacities (Vo¼ and Madlener 2015). Nodal and zonal pricing are an issue as well (HÓwedes et al. 2012), as is the decreasing
marginal locational value of renewables over time and the erosion of many arbitrage business models over time that arise from
storage operation (the better supply and demand are balanced with each other in the absence of storage units, e.g. through
more ƅexible power plants, demand response or a smarter grid, the less need there is for storage capacity). Obviously, storage
business models could remain attractive over a longer time period if storage units are being subsidized over a long time. The
shift towards more and more renewable power generation also requires the assessment of the relative cost-effectiveness of the
various ƅexibility measures.
Urban planning can also happen in a liberalized market environment. Madlener and Sunak (2013) laid out the framework for
urban energy planning. For the Ƅrst time in history, more than half of the world’s population is living in cities. Urbanization is a key
process during economic development, typically leading to a signiƄcant concentration of human resources, economic activities,
and resource consumption in the cities. Covering just some 2  of the surface of our planet, cities are today responsible for
about three quarters of the world’s consumption of resources. In the coming decades, this trend will intensify as a consequence
of high urbanization rates in Africa and Asia. For estimates of the impact of urbanization on energy demand, it is necessary to
identify those different processes and mechanisms of urbanization that strongly affect urban structures and human behavior
and lifestyle. When taking a closer look at city-related production, mobility and transport, private households, infrastructure
and urban density, we Ƅnd that various urbanization mechanisms that manifest themselves within the different sectors of the
economy lead to a substantial increase in urban energy demand and to a change in the fuel mix. It should be noted that the
relevance of these mechanisms differs signiƄcantly between developed and developing countries, but also amongst the group
of developing countries. Cities and in particular the newly emerging megacities in developing countries will play a key role in the
coming years concerning the development and distribution of global energy demand. Therefore, urban energy planning and
urbanization management will be pivotal for creating the right framework conditions for a sustainable energy future.
Flexibility has increasing value, but there is a merit order of alternative ƅexibility measures, such as transmission and distribution
grid expansion (with or without some elements of “smartness”, also between these grid categories), centralized and decentralized
storage, demand response, more ƅexible power plants, and others. Consideration of this merit order is critical for economic
efƄciency.
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o6HFWRU&RXSOLQJptDQ(FRQRPLF3HUVSHFWLYH NLQGO\SURYLGHGE\0DUF2OLYHU%HWW]ÙJH8QLYHUVLW\RI&RORJQH
Technological scenarios for the future development of energy systems with reduced emissions of greenhouse gases
increasingly stress the importance of an effective ‘sector coupling’ between electricity and heat, and electricity and
transportation, respectively. These juxtapositions are somewhat irritating since ‘electricity’ denotes a speciƄc secondary
energy carrier, whereas ‘heat’ and ‘transportation’ describe areas of end uses of energy. Seen from the demand side,
certain applications already are fully dependent on electricity as their energy carrier, e.g. lighting, a plethora of electrical
appliances, electric drives in production processes, or, for most people, cooking. On the other hand, much – although
certainly not all - of the demand for heating and transportation services still is being served through non-electric primary
(notably natural gas) or secondary energy carriers (notably mineral oil products). Hence, the discussion around ‘sector
coupling’ essentially reveals uncertainty about the future role of the various energy carriers in meeting energy demand in
its many applications.
From an economic perspective, the choice of energy carrier should be made by the end consumer herself based on relative
prices which correctly reƅect the carriers’ cost, both for energy and for capacity, i.e. for the cost of keeping up the required
infrastructures. Currently, energy carriers do not compete on a level playing Ƅeld in this respect. For example, externalities
are typically not accurately included in the energy carriers’ prices, let alone in a consistent way across different carriers.
Taxes, e.g., on gasoline, diesel, gas, coal or electricity differ signiƄcantly when measured against the corresponding CO2emission factor.
Moreover, end consumer prices for energy do typically not reƅect the true economic scarcity of the product (including
externalities). This is especially relevant in the electricity sector. Electric energy (kWh) is regularly made more expensive
than it actually is through allocations of Ƅxed cost (grid) and state-induced components (concession fees, levies, taxes). In
Germany, e.g., there currently is a wedge by a factor of 10 between the wholesale price of electrical energy (scarcity price in
any given moment in time) and the residential tariff for electrical energy. As a result, customers do Ƅnd it difƄcult to increase
the use of electricity relative to other energy carriers. Also, importantly, they could not truly beneƄt from intermittent use of
electricity (i.e. from using it only when prices for electrical energy are low due high wind or solar infeed) – even if they were
real-time-metered with time-dependent tariff structures. Thus, the current design of end consumer tariffs discourages
consumers from an efƄcient choice regarding the use of electricity as a secondary energy carrier.
Proper pricing of electricity would require allocating most of the grid cost on a per-kilowatt-basis and eliminating all
distortionary taxes as well as levies and fees on the energy consumed. Doing so would dramatically change the economic
rationale for end consumers, pushing them to increase the utilization of their grid connection and using ƅexible applications
which can make use of temporarily low electricity prices, e.g. in heat. Moreover, end consumers (or prosumers, for that
matter) would be incentivized to look for ways to reduce the size of their grid connection, thereby reducing the pressure
on society to increase investments into the grid. Important elements of such decisions would e.g. include investments into
storage (electrical and heat) and decentralised combined heat-and-power-stations.
From the perspective of policymakers, such a revision of tariff structures is uncomfortable, largely because of the signiƄcant
distributional effects involved and because many of them have become used to base their energy policies on money
generated from (implicit) taxes on electrical energy. But sooner or later policymakers will face a stark choice. Either they
stop increasing the capacities of intermittent wind and solar energy. Or they encourage competition to Ƅnd ways a) to make
reasonable use of excess energy during limited periods of time, and b) to deliver the reliable capacity needed by demand in
all its sectors for those periods in time where there is limited supply of wind or solar energy. Given the political commitment
to provide sufƄcient amounts of non-nuclear, CO2-free energy to their citizens, it seems more likely that they will eventually
opt for the second choice. This would pave the way to a fundamental restructuring of the way energy is being transported
to its Ƅnal use.
The work done at E.ON ERC develops many technical solutions which will be relevant for such a potential overhaul of
the energy value chain. Which of these technologies will be implemented by consumers and investors, however, not only
depends on technological achievements and breakthroughs, but, and maybe more importantly, on economic boundary
conditions as well as on wise choices of policymakers. In order to make most of the transformation they aspire to, and
in order to achieve it in the most efƄcient manner, they must Ƅnd better ways to leverage market forces. The ‘coupling’
between electricity and other sectors, or, more precisely, the efƄcient use of electricity throughout all its potential end uses,
does indeed seem to be one of the most pressing challenges in this context.
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Many business models of today beneƄt from the arbitrage that arises from market imperfections, e.g. in terms of poor forecasts,
or lacking interplay of markets (e.g. intraday and day-ahead market), and so there is a risk that the business model erodes over
time. Also, there are many new market players and combinations, rendering investments risky (still not investing at all may be
even more dangerous). Garnier and Madlener (2015, 2016) show some of the issues at hand in this context.

Consumer and Prosumer Needs and Behavior
For policy-makers and heating system manufacturers and installers, it is good to better understand the preferences of households.
(Achtnicht and Madlener 2014; Michelsen and Madlener 2012, 2013, 2016, 2017). Such research is not only able to Ƅnd answers
to the question of which factors do have an impact on technology adoption, but also regarding the relative importance of, e.g.,
socio-demographic, home or spatial characteristics, but also whether and how key drivers of adoption differ among different
groups of homeowners and types of residential heating systems or retroƄtting solutions. Experience and previous experiences
matter a lot, too. The research shows further that homeowners make decisions about entire bundles of attributes rather than
making an isolated decision about a speciƄc system per se.
The same is true for individual transportation. There is a lot of ado about vehicles powered by electricity or hydrogen, but what do
we know about who wants to buy which type of car in the years to come. Why does b4500 purchase premium not make much
of a difference? Is it ok that mainly wealthy households beneƄt from subsidies for e-cars, and that these are typically the second
or even the third car in a household? FCN has done extensive studies on these preferences (Achtnicht 2014; Hackbarth and
Madlener 2013, 2016), using so-called discrete choice experiments (DCE). This approach focuses on stated preferences and is
forward-looking in the sense that hypothetical choices about future technologies are to be made – from today’s perspective nonmarket goods for which no historical market data are available that can be used for the analysis (while niche market participants
cannot be taken to be representative for the remaining population!); see also Dijk et al. (2012).
DCEs were also conducted on solar photovoltaics (with and without storage) (Galassi and Madlener, 2014), household comfort
needs after retroƄt (“Some like it hot”, Galassi and Madlener, 2016), and prosumers’ appetite for becoming more self-sufƄcient
by using microgeneration technology (Oberst and Madlener, 2015).
Some research done at FCN dealt with green framing and attribute anchoring biases, taking care of the possibility that in a
complex decision environment, such as the choice among technical, home-related energy-saving measures, consumers may
not make a complete cost-beneƄt tradeoff, but use so-called heuristics, i.e. shortcuts that are less cognitively demanding
(Harmsen– van Hout et al. 2013ab). DCE-based analysis also allows to compute an interesting and useful output: the willingnessto-pay (WTP), for example for an extended range of an e-vehicle. FCN research has shown a highly non-linear WTP curve for

Fig. 4: The high-resolution FCN Energy Storage Cloud concept and model builds upon actual economic and regulatory conditions, taking the
“sharing economy” and spatial dispersion of cloud providers and users explicitly into account (Broering and Madlener 2016ab; Madlener and
Broering 2016cd)
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Fig: 5: The economic merit of the FCN Energy Storage Cloud concept can be raised substantially by better forecasting of energy demand and
weather, begging the question of how much such forecasting services would cost to make the concept economically viable (Broering and
Madlener 2016ab; Madlener and Broering 2016cd)

alternative fuel vehicle characteristics (cf. Hackbarth and Madlener 2016), which implies that it is sometimes worth investing in
R&D to make a big leap instead of incremental improvements only (the aggregated WTP may be too small to pay off the R&D
expenditures for only small improvements, whereas it may be sufƄcient for a signiƄcant one). A useful overview of the main issues
related to smart charging of e-vehicles in general, and plug-in hybrid e-vehicles in particular, can be found in Marano et al. (2017)
and Vassileia and Madlener (2017).
In the 21st Century, energy consumers are expected to turn (again) into producer-consumers (“prosumers”). Potentially, this is
a game-changer, as it implies much more distributed generation in small-scale systems. Whether or not this is optimal from
an engineering perspective is another research question, but it is certain that if more and more households want to selfconsume self-generated electricity or heat energy (and may be willing to pay a high price for that) this will eventually have severe
consequences for the remaining system. Both centralized generation and transmission and distribution of energy would face
different economics.
In a series of papers, Rosen and Madlener (2013abc) deal with the design of local energy markets for prosumers, investigating
the issues at hand when households start trading their energy in a kind of “energy-eBay”. Such a market has some deƄnite
characteristics that result from the speciƄc technologies and their users, and a predominant attribute is the involvement of
private households, i.e. end customers without much expertise in the Ƅeld of energy or trading. Such a market needs to be
organized in a much simpler way than the usual markets for power trading. The current regulatory framework can be used
but would have to be extended in order to accommodate renewable, decentralized power generation in local energy market
settings. The most important concept in this respect has been the balance group concept. Balance groups can be used as the
administrative entities for local markets where households (plus maybe other small-scale prosumers) trade their self-generated
electricity. Balance group responsible parties can use these local energy markets to procure their own control energy for
balancing purposes, not only reducing grid losses, but also better integrating renewable, decentralized energy generation and
thereby helping to achieve the ambitious energy policy goals for 2030 put forward by the EU.
Distributed generation technologies are expected to play an increasing role in the future. Studies by Westner and Madlener
(2010, 2012, 2013) have investigated conventional cogeneration power plants of different kinds, whereas Hampe and Madlener
(2016) analyze high-temperature reactors (HTR) used for district heating (in cogeneration mode). The latter study also comprises
an analysis whether, and under what circumstances, power-only operation is preferred to operation in CHP mode, also taking
switching costs and hysteresis effects of switching explicitly into account.
In a project that investigated the scope for prosumer households in Germany (Oberst and Madlener 2014; www.prosumerhaushalte.de), diffusion scenarios and preferences were investigated by FCN. The experimental research conducted shows that
self-supply has a higher weight than for instance environmental protection, and that households are interested to avoid negative
social cost (e.g. in terms of grid congestion).
Current research focuses on energy storage cloud concepts. Broering and Madlener (2016ab), Madlener and Broering (2016ab)
analyze the economic merit of a virtual aggregation of spare capacities (unused storage capacities) from those batteries,
referring to the resulting capacity as cloud capacity. To this end, they develop a MATLAB model that simulates battery stateof-charge values resulting from PV generation and load proƄles for individual prosumers. They then deƄne a geographically
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separated decision-maker (independent prosumer, without a battery system), who demands the spare battery capacities of
those households in order to maximize the self-consumption quota. The authors simulate an entire year and determine the
sensitivities with regard to electricity transport costs, feed-in tariffs, operation strategies, and electricity prices. Moreover, they
evaluate the economic merit that arises depending on the number and degree of decentralization of the prosumers involved.
Based on our simulation results, they point out under which regulatory and technological conditions such a cloud model could
indeed be proƄtable for the decision-maker n+1 (Fig. 4).
In order to determine the gains from improved forecasting, the difference between the maximum cloud yield and the yield without
forecasting needs to be computed, which also depends on the direct marketing remuneration and the scenario considered (Fig.
5, right plot). The authors Ƅnd, which is quite striking, that the difference is greatest for low PiDM, since these cases are not
proƄtable over the entire year, so that it is advantageous to minimize the losses caused by an adjustment of cloud operation.
The relative advantage of the forecasts decreases across the entire scenario to the PiDM of 19 b-ctkWh. For larger values
of PiDM, the forecasting effort is hardly worthwhile, though, because the majority of the days has a positive cloud yield, and
days with negative yield that would have to be dealt with are rare. In reality, the weather and especially the user behavior of the
customers cannot be predicted without error and, therefore, a perfect forecast is unrealistic, i.e. the results show the upper limit
of the expected cloud merit. Overall, the authors Ƅnd that for the German market situation today, the proƄtability of participating
in an energy storage cloud is still very limited even for the case of a perfect forecast. Although a positive cloud yield is possible,
it is still well below b50 per year for payments under 19 b-ctkWh. The analysis abstracts from administrative costs of cloud
operation, risk premia, proƄt margins and participant remuneration, which in reality would further reduce the proƄtability of the
concept. Hence investors in platforms for running such energy storage clouds ought to be cautious not to end up with stranded
investments.

The Role of Discounting, Risk and Financing, and Portfolio Optimization
From 2008-2016, FCN was investigating portfolio optimization of generation assets scrutinizing the role of discounting and
multiple risks. How smart was the investment plan of E.ON of b8.5 billion announced in 2009 (see Fig. 6)? Which VPPs are
optimal? How would a sequential investment strategy look like? What happened to Desertec?
Madlener and Michelsen (2008) focus on the role of Ƅnancing and diffusion. Financing aspects of energy projects are in discussions
on the diffusion of new energy technologies and the optimal design of energy policies often only insufƄciently considered or
not at all. SufƄcient capital, a risk-adequate interest rate and the optimal choice of Ƅnancing scheme given a certain ownership
structure important inƅuencing factors for the technical and structural change in general, and the diffusion of innovative energy
technologies in particular. The mentioned aspects are also relevant for the optimal design of energy policy instruments, as for
example the kind of promotion scheme that also inƅuences the Ƅnancing of projects and the achievable investment volume.
Glensk and Madlener (2016) and Madlener et al. (2010) feature research on the portfolio optimization of owners of diverse power
plant generation unitstechnologies (see Fig. 6), or portfolios of wind farms in different locations (Madlener 2012). Importantly, riskreturn portfolio considerations help to overcome the still widespread misperceptions that arise when alternative technologies are
compared with each other on the basis of simple levelized cost of electricity (LCoE) considerations, ignoring risk diversiƄcation
beneƄts that arise from smart technology combinations. In this respect, even technologies with higher LCoEs than others can be
beneƄcial in such a portfolio, but would otherwise be eliminated based on isolated proƄtability considerations only.

Fig. 6: Left plot: EfƄcient frontiers of E.ON‘s power generation mix in 2009 and planned new investments in Germany. Right plot: EfƄcient
frontiers for portfolios consisting of four different CHP technologies (Madlener et al. 2010)

134 | Chapter VI

Westner and Madlener (2010, 2011, 2012) analyze different portfolios of cogeneration (combined heat-and-power, CHP) plants,
combining different technologies, locations, and policy support regimes providing empirical evidence of the beneƄts of risk
diversiƄcation. They show that utilities investing in such technology are well advised to take a portfolio perspective in order to
exploit the beneƄts of risk-return combinations and the scope for realizing efƄcient portfolios that feature an adequate risk or
return level in terms of the subjective risk preferences. The authors also evaluate the impact of the EU Emissions Trading System
(EU-ETS) on the economics of CHP plants in Germany, showing the enormous impact that changes in the allocation rules for
CO2 emission certiƄcates can have.
Contracts can also be bundled, yielding portfolio beneƄts (Gampert and Madlener 2011). Due to the liberalization of energy
markets in the European Union, today’s European utilities not only focus on electricity supply, but also offer exchange-traded
‘‘structured products’’ or portfolio management for unbundling Ƅnancial and physical risk positions. Many utilities are only able
to provide these services in their domestic markets. In a globalized economy, the need for a centrally organized Pan-European
portfolio management arises, as this allows a simpliƄed commodity sourcing in combination with an optimized risk management.
The authors examine the challenges to be overcome for establishing a European-wide bundling of electricity contracts, based on
a case study focusing on RWE Supply & Trading’s the business perspectives in Central and Eastern Europe.
In a number of studies, FCN has dealt with how technological choices, existing portfolios, and multi-dimensional price risk affect
power generation investments (Rohlfs and Madlener 2011, 2013, 2014ab, 2016). The main focus is on centralized large-scale
fossil and partly also renewable energy technologies (gas- or coal-Ƅred, with or without carbon dioxide sequestration, as well
as onshore and offshore wind). Generally speaking, power generation assets vary with regard to their technical, economic,
and environmental characteristics. The cash ƅows generated from power plant operation result from a technology-speciƄc mix
of inputs and outputs, and are thus dependent on revenues from electricity sales and expenditures for fuel, carbon emission
permits, all of which are themselves dependent on their respective price. Hence, different types of power plants exhibit different
capital expenditures and differ with respect to the speciƄc combination of the underlying commodities. This combination can
be viewed as a portfolio of real assets. Importantly in this respect is that the prices of the underlying commodities are correlated
with each other, and the price development in deregulated markets is usually highly uncertain. This makes the adequate analysis
of the impact of multi-dimensional risk indispensable. Moreover, discounting has a paramount impact on the assessment of
long-term investments. In the approach adopted risk becomes endogenous, as a technology-dependent measure used for risk
adequate discounting.
Palzer et al. (2013) design and evaluate eight distinct hedging strategies for commodity price risks of industrial cogeneration
plants. The parametrization of the price trajectories are based on 2008-2011 EE; data. The probability distributions derived
are used to determine the value-at-risk (VaR) of the individual strategies, which are then combined in a mean-variance portfolio
analysis that allows the determination of the most efƄcient hedging strategy. The research shows that the strategy adopted can
have a marked inƅuence on the remaining price risk. The portfolio optimization shows that a mix of hedging strategies can further
enhance the proƄtability of a heat-driven cogeneration plant.
Charalampous and Madlener (2015) investigate the hedging effectiveness of energy derivatives traded at the EE;, when using
these for mitigating the risk exposure of large-scale gas- and coal-Ƅred power plants in Germany. The aim of the research is
to identify the optimum forward contract for simultaneously hedging power output and fuel input price risk and the optimum
hedging contract for each commodity (identiƄed by using a multivariate model). The authors Ƅnd that it is preferable to hedge
the spot electricity and coal prices with long-term contracts, whereas there is evidence that short-term futures enable higher
hedging effectiveness for natural gas prices. They further investigate the impact of time-varying risk premia on the spot-forward
price relationship and compute portfolio weights for different risk levels that reveal the optimal mix of spot and futures contracts.
Electricity and coal are found to both produce negative returns, whereas for natural gas it is feasible to construct economically
viable portfolios, albeit with only low returns.
Schäfer and Madlener (2015) study the economics of nuclear waste disposal providing evidence of the enormous impact of
the discounting rule applied. In 2014, 11  of the global electricity was produced in 437 nuclear reactors in 31 countries (and
another 70 reactors are currently being built). Still, there is not a single disposal facility for high-level radioactive waste or spent
fuel in operation today. Hence, the associated costs are highly uncertain and the usual exponential discounting method for a
cost-beneƄt analysis tends to underestimate and basically neglect costs occurring in the distant future. For this reason, methods
using declining discount rates have emerged in the literature, elevating the weight of future impacts. Nonetheless, no universally
accepted method for declining discounting exists. The rate and gradient of the decline are varying among the different models
used. The FCN research shows that declining discount rates have a minor effect on increasing the present value of disposal
costs compared to discounting at a constant rate, which is in contrast to carbon mitigation investments. The general effect
of discounting, i.e. that future costs are valued less, is of more importance. However, declining discount rates reveal some
important effects in terms of time-inconsistent patterns in the context of inƅation. A valuation of a whole nuclear program,
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5HDOLVLQJ 7UDQVLWLRQ 3DWKZD\V :KROH 6\VWHPV $QDO\VLV IRU D 8. 0RUH (HFWULF /RZ &DUERQ (QHUJ\ )XWXUH
NLQGO\SURYLGHGE\3HWHU-*3HDUVRQ,PSHULDO&ROOHJH/RQGRQDQGWKH5HVHDUFK7HDP

‘Realising Transition Pathways’ (2012-16) a 10-university multi-disciplinary consortium funded by the Research Councils
UK Energy Programme, explored pathways to a low carbon electricity system and their roles in the UK achieving its
greenhouse gas (GHG) reduction target of 80  by 2050. The research showed the pathways to be achievable, but
challenging; they will require concerted efforts from central and local government, market and civil society actors. There
are different ways to realize such a transition, but choices about governance arrangements are crucial, alongside, and
interacting with, technical, economic, environmental and behavioural factors. Balancing the energy policy ‘trilemma’ of
low carbon, energy security and affordability is hard, but the research shows how a whole systems, multidisciplinary
approach can inform the difƄcult decisions involved. For detailed results, see (http:www.realisingtransitionpathways.org.
ukrealisingtransitionpathwayspublica-tionsindex.html). Some key Ƅndings are:
6WLPXODWLQJ ,QYHVWPHQW LQ /RZ &DUERQ 2SWLRQV: Analysis of historical energy transitions demonstrates that rapid
change is possible, but infrequent, and requires a high degree of coordination of actions, driven by a recognized need to
change: e.g. as in the 1996-77 shift from town gas to natural gas. Today’s potential low carbon investors face uncertainty
about national policy priorities, and there are structural constraints on low carbon investment, including immaturity of the
sector and mismatches between fund manager and renewable energy investment timescales. The economic feasibility
of generation in all three transition pathways will depend on revenues from secondary marketssources (e.g. capacity
market, contracts for difference, tax incentives). Comparison with the situation in Germany, where civic ownership has
been supported by a local banking sector, demonstrates the valuable role that can be played by locally-focused institutions.
5ROHVRI'LIIHUHQW/RZ&DUERQ7HFKQRORJLHV: the temporal mismatch between low-carbon electricity generation and
demand proƄles may lead to very low utilisation factors of dispatchable generation. This is likely to affect Ƅnancing of gasƄred power stations, and hampers prospects for Carbon Capture and Storage, which will need to be Ƅtted to fossil-Ƅred
generation to achieve long-term carbon budgets. In terms of sources of gas, despite exhibiting unwanted ‘side-effects’ and
generating community resistance, shale gas fracking may contribute to attaining the UK‘s GHG targets if appropriate and
robust regulations are enforced. The supply-demand balancing issues could lead to increasing curtailment of renewables
and additional consumption of fossil fuel. This leads to signiƄcant potential for electricity storage; however, innovation is
needed to bring forward options for longer term storage.
'HPDQG6LGH5HVSRQVH '65 : another option for supply-demand balancing, DSR offers beneƄts to all parts of the
energy system, estimated to amount to 5 billion per year. As transport and heating services are increasingly electriƄed,
there are new opportunities for DSR: e.g. research into social practices and service expectations combined with technical
modelling shows that if householders would tolerate a drop in indoor temperature of 1° C for up to ten days a year, between
3 and 9 GW of peak supply capacity could be avoided.
'LVWULEXWHG (QHUJ\: With strong demand reduction and management, 50  of UK 2050 Ƅnal electricity usage could
be met via distributed generation with emerging technologies, new infrastructures (including interconnections), and new
institutions. A more distributed system would require regional energy strategies and local capacity building for city regions,
municipalities, communities, and citizens. A distributed energy system opens up new avenues for energy transition Ƅnance,
while challenging incumbent utility business models.
8SVWUHDP(PLVVLRQV: It is important to include upstream emissions (beyond UK borders) in a whole systems analysis
(which neither the Department for Business, Energy and Industrial Strategy nor the UK’s independent Committee on
Climate Change routinely do), as upstream emissions are signiƄcant in some cases. Life Cycle Assessment studies have
shown an increasing uptake of bio-methane into the gas supply substantially reduces direct grid emissions and is critical
in offsetting increases in upstream emissions.
3ROLWLFDODQG6RFLHWDO'LPHQVLRQV: Energy transitions are never smooth and always subject to contestation, negotiation
and social change. New evidence and case studies of UK energy transitions provide practical advice on how sustainable
energy transitions will depend on science and policy institutions becoming more responsive and adaptive to distributed
societal actions.
:KROH 6\VWHPV $QDO\VLV: These and other Ƅndings have beneƄted from a whole systems and collaborative working
approach, which combines quantitative and qualitative analyses for elaborating and examining pathways for realising a
transition to a low carbon, secure and affordable UK energy system by 2050.
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thus also including the economics of the power plant, highlights that declining discount rates can even result in higher NPVs
compared to constant discounting.

Path Dependence, Lock-in and the Inherently Uncertain Future
Sometimes it seems frustrating for engineers and policy-makers alike not being able to build the best energy system one can think
of in light of inefƄcient existing systems in operation that need to be replaced, or combined, in a painfully slow process. Examples
are the energy retroƄtting of the existing building stock (not as sexy as demonstrating the latest smart or passive energy home)
or the attempt to make the distribution grid smarter and capable to deal with high shares of intermittent renewables and e-cars
at the local level (for which the existing grid was never designed). Do we need just a few Megabytes or does it need Terabytes
to interconnect system components, what and how relevant is “big data” for realizing a secure, resilient and affordable energy
system of the 21st Century, and what investments are needed and who pays for them? In a way, the so-called “smart” solutions
discussed today remind us of the energy efƄciency debate until the late 1970s when the signiƄcance of rebound effects came
up (“smartness” can all-too-quickly turn into “dumbness”, and the sorcerer‘s apprentice were overwhelmed by the dynamics
augmented by the many artiƄcial helpers, or multiple agents, that themselves rely on agents that rely on agents etc.).
Diversity helps not only to form portfolios with risk hedging opportunities, but also to avoid lock-in situations. This is an interesting
aspect as there is a trade-off between economies of scale and mass production versus the beneƄts that accrue from lowering
the hurdle to escape lock-in by deliberately nurturing and maintaining niche markets, heterogeneity and diversity of technologies.
An interesting example of a niche market is micro wind. Our own research (Grieser et al. 2015) has shown that this is still
largely under-researched from an (engineering-)economic perspective. For network industries, lock-in and path dependence are
particularly relevant, as the cost structure (dominance of Ƅxed costs) makes growth in Ƅrm size preferable, eventually leading to
monopolistic market structures.

Conclusions and Outlook
In recent years, energy systems analysis has been gaining importance, increasingly taking into account energy economics. The
conventional approach in energy economic modeling is to focus separately on individual technologies or single energy markets.
An analysis of this type is especially appropriate for relatively stable market environments. However, with the transition towards
renewables and interoperability, and the related paradigm change, many system equilibria which have been in place for a
rather long period of time are no longer valid. In these cases, energy system modeling taking into account interactions between
technological innovations, consumer behavior, policy and regulatory intervention, social acceptance, different energy sectors,
and other factors of inƅuence might substantially contribute to a better understanding of such transformation processes and
eventually identify new system equilibria.
On the huge Aachen-Jülich playground for energy research, Research ProƄle Area Energy and Chemical Process Engineering
(ECPE, university-wide), the research area Energy, Mobility and Environment (EME, Business School) the seeds for several large
and interdisciplinary projects have been put into the ground. These include E.ON ERC (Phase II), JARA Energy, KESS (communal
energy systems), Forschungscampus FEN (grids of the future), CARL (component ageing research lab), E3D, Low-Carbon
Center NRW (LRC), VIET (virtual institute energy transformation) etc.
On an even higher level, i.e. beyond Aachen-Jülich, there are also interesting new projects with a holistic mission being launched.
In the Kopernikus project ENSURE, e.g., a comprehensive energy system optimization is being undertaken, where all relevant
energy sourcescarriers and the corresponding infrastructure are considered. The main goal is to analyze how central and
decentral energy supply system elements, as part of the entire system, would need to be designed in order to safeguard
a reliable and secure energy supply from both technical and socioeconomic perspective and aspects of acceptability. The
research of innovative and stable system control concepts on the basis of innovative ICT technologies move to the center
of attention as does the establishment and diffusion of new technologies for power transmission, production, procurement,
distribution, and processing of datainformation.
While there seems to be a clear need for more holistic analysis (and thus also modeling), there is a truth called “curse of
dimensionality”, meaning that many problems become unsolvable if they become too big. Models tend to become the less
transparent the larger they are, so that not even the modelers themselves can often fully understand what is going on inside of
the model (risk of “garbage in – garbage out”). The Energiewende needs to be made a well-deƄned problem where researchers
can provide a range of viable solutions to policy-makers to choose from by checking and balancing the pros and cons.
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In late 2016, FCN started a collaboration with a number of top electricity market modeling teams in Germany in the project
4NEMO. The aim is to expand and further improve the models used, but also to learn from each other, which typically leads to
convergence of the models and thus also the results. For policy-makers this is nice, as the cacophony of policy recommendations
can be reduced (how many truths are out there, and will the real one please stand up?).
Five key insights from almost ten years of FCN research that might be useful for policy-makers and decision-makers in the
energy business, can be summarized as follows:
(1) There do not seem to be many low hanging fruits. The Energiewende is a big investment project with a lot of political, social
and market uncertainty. Business models need to be value-oriented, not just cost-covering and sustainable.
(2) The potential of energy efƄciency to reduce energy consumption is jeopardized by rebound effects, which is a complex
phenomenon requiring very speciƄc questions on the side of the policy-makers; as rebound does not necessarily reduce social
welfare (net), and may even improve distributional equity, it is merely a problem in terms of reduced resource-saving (no “silver
bullet” for achieving environmental goals) that needs to be taken into account in research and policy programs (see item (1)).
(3) Risk and Ƅnancing needs are important but under-researched elements of the Energiewende. An important risk for business
models is the potentially disruptive character of digitalization, which may ruin business models much sooner than expected,
creating a hurdle for investors. Portfolio diversiƄcation effects and the explicit consideration of the “value of waiting” inherent
in managerial ƅexibility (in the sense of “real options”) can markedly change the outcome of the assessment of the beneƄts of
individual technologies.
(4) Spatial impacts of energy technologies and optimal siting are as relevant as temporal impacts; in this respect, the marginal
locational value of renewables is a critical measure. Also, models need to be higher in resolution as previous ones in order to
detect the multi-faceted effects. More comprehensive and possibly interdisciplinary hybrid models, such as Voll et al. (2012), help
to account for interrelatedness and to avoid technological biases, at the expense of suffering from the “curse of dimensionality”.
Likewise, multi-criteria decision analysis can be a useful alternative where several tradeoffs need to be explicitly taken into
account, or where monetization and one-dimensional aggregation is not considered appropriate (or useful as a complementary
approach).
(5) It is yet unclear whether “one size Ƅts all” (e.g. for home energy systems) or whether heterogeneity of preferences, diversity of
technologies, or mass customization will be king. In this vein, it is possible that decentralized energy supply systems are locally
but not globally optimal. If people want these localized technologies, it will be politically very difƄcult to steer the political course
in a different direction, and have major repercussions on the nature, role and Ƅnancing of the remaining centralized energy
infrastructure.
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