ETH Library

System Design and Power Flow
of Stationary Energy Storage
Systems
Doctoral Thesis
Author(s):
Bauer, Michaela
Publication date:
2019-09
Permanent link:
https://doi.org/10.3929/ethz-b-000374736
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

DISS. ETH NO. 26199

System Design and Power Flow
of Stationary Energy Storage Systems

A dissertation submitted to attain the degree of
DOCTOR OF SCIENCES of ETH ZURICH
(Dr. sc. ETH Zurich)
presented by
Michaela Anna Bauer
M. Sc. EI TUM
born on 17 February 1990
citizen of Munich, Germany
accepted on the recommendation of
Prof. Dr. John Lygeros, examiner (ETH Zurich, Switzerland)
Prof. Dr. Gabriela Hug, co-examiner (ETH Zurich, Switzerland)
Prof. Dr.-Ing. Oliver Sven Bohlen, co-examiner (HM, Munich)
2019

© 2019
Michaela Anna Bauer
All Rights Reserved
ISBN xxx-x-xxxxxx-xx-x
DOI xx.xxx/ethz-a-xxxxxxxxx

To my admirable grandfather and my beloved parents.

Acknowledgements
In May 2015, I started working in the field of stationary energy storage systems at the
BMW Group. A few months later, I was honored to collaborate with the university I
prioritised, ETH Zurich, and the institute I prefered to work with, Automatic Control
Laboratory. On September 10, 2019, I was finally able to successfully defend my work
and the skills I had acquired. Without the support of numerous people and events, I
would not have been able to realise this stage of my life and would not have matured
into the personality I am today. I would like to take this opportunity to thank many
people for their continuous and loving support.
My special thanks goes first of all to my supervisor Prof. Dr. John Lygeros, who
has always promoted the scientific focus in my work with his quick comprehension and
constructive feedback. After every visit, I travelled back to Munich with a suitcase full of
ideas. I would like to thank my external examiner, Prof. Dr. Oliver Sven Bohlen, from
the Munich University of Applied Sciences, for his close cooperation, especially within
the framework of the projekt UnABESA. He was already at my side as a sparring partner
before I started my work and so it is a special honour for me to be able to complete my
work together with him. I would also like to thank Prof. Dr. Gabriela Hug, who, as a
co-examiner, assessed the work with the necessary depth and thus made a considerable
contribution to the quality and success of my work.
Many thanks go to Benjamin Flamm, Eva Ahbe, Dr. Tony Wood and Dr. Annika
Eichler - they have always share with me a office place with one of Zurich’s best views
and helped me with the integration inside and outside the institute. Thank you for your
warm welcome - I am sure I will continue to stay in touch with some of them. I owe
Sabrina Baumann and Tanja Turner a great debt of gratitude so that during my stays
at the ifa I could not feel like a visitor but as part of the institute. Both of them helped
me with a lot of cordiality with the organisational topics.
I would like to thank the BMW Group and in particular Soren Mohr for the opportunity to complete an industrial doctorate in one of the driving companies in the
automotive industry. A special thanks goes to Sven Esch, who made a decisive contribution to my personal development. His constructive criticism, his belief in me and my
i

Acknowledgements

abilities made him the greatest motivator and best mentor I could imagine. Thank you
so much for becoming a good friend who is also available to me outside the BMW doors.
I would like to especially thank my student Julian Wiesmeier, who provided an excellent
data input for my work with his very good master thesis. Last year, I had to harmonise
my doctoral thesis with my new job at BMW. Dr. Thomas Mangel and Dr. Adrian
Posselt have supported me to become fair to this double burden, in order to bring the
work to its goal with sufficient perseverance and my perfectionism.
Although none of the people mentioned in the following comes from the field of electrical engineering and information technology, they probably helped me the most. Many
thanks to Sabrina Klatt and Kathrin Seibold for the countless trial readings of papers,
sections of my work and my final version at the end. Thank you very much for being really good friends who gave me courage and stamina through the permanent support, your
warm nature and the many emotional conversations. Many thanks to Yvonne Straube,
who pulled me out of my dark writing cave countless times on the most beautiful sunny
days and gave me the necessary social character through an hour’s walk to pursue my
goal with even greater ambition. Special thanks for the creation of the cover picture.
At the end I would like to thank the most important people. My grandfather, Xaver
Tremmel, from whom I have probably inherited most of my traits, has given me through
his pride the necessary drive to manage this phase of life and with his loving nature he
helped me to always stay with myself. The greatest anchor in my life are my parents,
Johanna and Gerhard Bauer, and so I owe you not only that I am on this world, but
above all that you support me in all the ways and goals I strive for. You have probably
experienced most of all the ascents and descents of my doctoral thesis and have accompanied me through all these phases with a lot of energy. Thank you for never ceasing to
believe in me.
My final thanks go to the work itself - to which I owe the fact that I have matured
into a personality who has not only learned and researched a lot in the field of science,
but above all who has learned to appreciate herself as she is and now looks forward with
the necessary strength to the new challenges of life.

ii

Danksagung

Im Mai 2015 habe ich die Beschäftigung im Umfeld der stationären Energiespeichersysteme bei der BMW Group begonnen. Einige Monate später wurde mir die Ehre zuteil,
die Zusammenarbeit mit der von mir priorisierten Universität, ETH Zurich, und dem mir
gewünschten Institut, Automatic Control Laboratory, zu starten. Am 10. September
2019 durfte ich meine Arbeit und meine erlangten Fähigkeiten schlussendlich erfolgreich verteidigen. Ohne die Unterstützung zahlreicher Personen und Ereignisse hätte ich
diesen Lebensabschnitt nicht realisieren können und wäre nicht zu der Persönlichkeit
herangereift, die ich heute bin. Für die kontinuierliche, konstruktive und liebevolle Unterstützung möchte ich mich an dieser Stelle sehr herzlich bedanken.
Mein besonderer Dank gilt zunächst meinem Doktorvater Prof. Dr. John Lygeros,
der mit seiner schnellen Auffassungsgabe und seinem konstruktiven Feedback stets den
wissenschaftlichen Fokus in meiner Arbeit gefördert hat. Nach jedem Institutsbesuch bin
ich mit einem Koffer voller Ideen zurück nach München gereist. Für die enge Zusammenarbeit, insbesondere im Rahmen des Förderprojektes UnABESA, möchte ich meinem
externen Gutachter, Prof. Dr. Oliver Sven Bohlen, von der Hochschule München bedanken. Er stand mir bereits vor Beginn meiner Arbeit als Sparring Partner zur Seite
und so ist es für mich eine besondere Ehre mit Ihm zusammen meine Arbeit abschließen
zu können. Ebenfalls möchte ich mich bei Prof. Dr. Gabriela Hug bedanken, die als
Zweitgutachter die Arbeit mit dem nötigen Tiefgang bewertet und somit zur Güte und
dem Erfolg meiner Arbeit erheblich beigetragen hat.
Ein großer Dank geht an Benjamin Flamm, Eva Ahbe, Dr. Tony Wood und Dr. Annika Eichler – Sie haben mir stets einen Platz mit einer der besten Aussichten Zürichs
gewährt und haben mir bei der Integration am und außerhalb des Institutes geholfen.
Danke, dass ihr mich so herzlich aufgenommen habt – ich bin mir sicher, mit einigen
werde ich auch weiterhin in Kontakt bleiben. Damit ich mich bei meinen Aufenthalten
am ifa nicht als Besucher, sondern als Teil des Institutes fühlen durfte, verdanke ich
vor allem Sabrina Baumann und Tanja Turner. Die beiden haben mir bei den organisatorischen Themen mit viel Herzlichkeit beigestanden.
iii

Danksagung

Für die Möglichkeit eine Industriepromotion in einem der treibenden Wirtschaftsunternehmen der Automobilbranche zu absolvieren, möchte ich mich bei der BMW Group
und insbesondere bei Sören Mohr bedanken. Ein besonders großer Dank geht an Sven
Esch, der vor allem an meiner persönlichen Entwicklung entscheidend beitrug. Durch
seine konstruktive Kritik, seinen Glauben an mich und meine Fähigkeiten war er der
größte Motivator und beste Mentor den ich mir wünschen konnte. Vielen Dank, dass du
zu einem guten Freund wurdest, der mir auch außerhalb der BMW Türen zur Verfügung
steht. Ich möchte mich vor allem bei meinem Studenten Julian Wiesmeier bedanken,
der durch seine sehr gute Masterarbeit einen hervorragenden Dateninput für meine Arbeit geliefert hat. Im letzten Jahr habe ich die Doktorarbeit und den Berufsalltag in
Einklang bringen müssen. Thomas Mangel und Adrian Posselt haben mich unterstützt
dieser Doppelbelastung Gerecht zu werden, um mit genügend Ausdauer und meinem
Perfektionismus die Arbeit ans Ziel zu bringen.
Obwohl keine der nun genannten Personen aus der Elektro- und Informationstechnik stammt, haben Sie mir wohl am allermeisten geholfen. Vielen Dank Sabrina Klatt
und Kathrin Seibold für das unzählige Probelesen von Papern, Abschnitten meiner Arbeit und meiner finalen Version am Ende. Vielen Dank, dass Ihr wirklich gute Freunde seid, die mir durch die permanente Unterstützung, Eurer herzlichen Art und der
vielen emotionalen Gespräche den Mut und das Durchhaltevermögen gegeben habt.
Yvonne Straube, die mich unzählige Male an den schönsten Sonnentagen aus meiner
dunklen Schreibhöhle gezogen hat und mir durch eine Stunde Spaziergang den nötigen
Sozialcharakter gegeben hat, um mit noch größerem Ehrgeiz weiter mein Ziel zu verfolgen. Besonderen Dank gilt Ihr für die Erstellung des Titelbildes meiner Arbeit.
Am Ende möchte ich noch bei den wichtigsten Menschen bedanken. Mein Opa, Xaver
Tremmel, von dem ich wohl die meisten meiner Eigenschaften vererbt bekommen habe,
hat mir durch seinen Stolz den nötigen Antrieb gegeben, diese Lebensphase zu meistern
und mit seiner liebevollen Art geholfen stets bei mir selbst zu bleiben. Der größte Anker
in meinem Leben sind meine Eltern, Johanna und Gerhard Bauer, und so verdanke ich
Ihnen nicht nur, dass ich auf dieser Welt bin, sondern vor allem, dass Sie mich auf all
den Wegen und angestrebten Zielen mit größtem Maße unterstützen. Sie haben wohl am
meisten die Berg- und Talfahrten meiner Doktorarbeit miterleben müssen und haben
mich mit Ihrem großen Engagement durch all diese Phasen mit sehr viel Energie begleitet. Vielen Dank, dass Ihr nie aufhört an mich zu glauben.
Mein letzter Dank geht an die Arbeit selbst – der ich es zu verdanken habe, dass ich
zu einer Persönlichkeit gereift bin, die nicht nur im Bereich der Wissenschaft viel gelernt
und erforscht hat, sondern vor allem die sich so wie sie ist selbst schätzen gelernt hat und
nun mit der nötigen Stärke den neuen Herausforderungen des Lebens entgegenblickt.
iv

Abstract
Demographic growth, the pursuit of better living conditions, and the development of digital technologies have caused an increasing demand for energy worldwide. The change
from fossil fuels to renewable energy, as a key factor in solving the difficult balance between the growth of energy demand and the necessity to reduce greenhouse gas emissions,
brings with it new challenges. Decentralised energy systems are necessary to manage the
volatile and distributed energy generation. In conjunction with the increasing penetration of fluctuating renewable energies, grids have to evolve and become smarter to
accommodate the bi-directional flow of energy and data. Storage systems contribute to
a better integration of intermittent renewable energies, as well as the optimisation of existing generation, transmission, and distribution assets. They can ensure that electricity
supply and demand are always balanced, which is of importance to guarantee security
of supply. The main advantage of storage systems is their modularity and scalability.
In addition, the global energy transition is enabling electromobility. Since 2013, the
BMW Group has been offering the BMW i3 worldwide. Due to the growing stationary
market, even more automobile manufacturers are recognising the potential to use the
lithium-ion batteries installed in the electric vehicles for a second application. This thesis examines the use of automotive batteries in the stationary field. First, an overview
of the energy market and the stationary and automotive fields will provide information
about the background. The work is structured in three parts. The first part analyses the main stationary applications, their characteristics and the influence on different
markets. The second part focuses on the system design. The electric vehicle battery
and the required power electronic components are examined on the basis of their quality
in respect to efficiency, size, volume, and weight. Based on these components, three
system topologies are introduced and compared. Furthermore, multi-battery systems
are designed with a combinatorial approach. In the last part, the power distribution in
these system topologies, especially in the case of heterogenous systems, is investigated.
As one of the most common stationary applications, frequency regulation, is tested on
two real energy storage systems, which consist of the combination of BMW i3 batteries,
DC/DC converters, and DC/AC inverters. Improvements of operation objectives such as
performance, efficiency, and service life can be achieved with the use of control strategies
to distribute the power in a profitable way.
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Zusammenfassung
Bedingt durch das demografische Wachstum, das Streben nach besseren Lebensbedingungen und die Entwicklung digitaler Technologien steigt der weltweite Energiebedarf
zunehmend an. Der Wandel von fossilen zu erneuerbaren Energien als Schlüsselfaktor,
um ein Gleichgewicht zwischen der Entwicklung des Energiebedarfs und der Notwendigkeit
der Reduzierung der Treibhausgasemissionen zu schaffen bringt allerdings neue Herausforderungen mit sich. Dezentrale Energiesysteme sind notwendig, um die volatile und
dezentrale Energieerzeugung zu steuern. In Verbindung mit der zunehmenden Verbreitung fluktuierender erneuerbarer Energien müssen sich die Netze weiterentwickeln und
intelligenter werden, um den bidirektionalen Energie- und Datenfluss zu ermöglichen.
Speichersysteme tragen zu einer besseren Integration erneuerbarer Energien, welche stark
durch saisonale und Temperatureffekten beeinflusst werden, sowie zur Optimierung der
bestehenden Erzeugung, Übertragung und Verteilung von Anlagen bei. Sie können sicherstellen, dass Stromangebot und -nachfrage immer im Gleichgewicht sind, was für die
Gewährleistung der Versorgungssicherheit von Bedeutung ist. Der Hauptvorteil von
Speichersystemen liegt in ihrer Modularität und Skalierbarkeit. Darüber hinaus ermöglicht die globale Energiewende die Elektromobilität. Seit 2013 bietet die BMW
Group den BMW i3 weltweit an. Aufgrund des wachsenden stationären Marktes erkennen immer mehr Automobilhersteller ihr Potenzial ihre in den Elektrofahrzeugen eingebauten Lithium-Ionen-Batterien für eine zweite Anwendung zu nutzen. Diese Arbeit
untersucht die Verwendung von Autobatterien im stationären Bereich. Ein Überblick
über den Energiemarkt sowie den stationären und automobilen Bereich gibt zunächst
Aufschluss über die Hintergründe dieser Arbeit. Die Arbeit gliedert sich in drei Teile.
Der erste Teil analysiert die wichtigsten stationären Anwendungen, ihre Eigenschaften
und den Einfluss verschiedener Märkte. Der zweite Teil konzentriert sich auf das Systemdesign. Die Elektrofahrzeugbatterie und die erforderlichen leistungselektronischen
Komponenten werden auf ihre Qualität in Bezug auf Wirkungsgrad, Größe, Volumen
und Gewicht untersucht. Basierend auf diesen Komponenten werden drei Systemtopologien vorgestellt und miteinander verglichen. Mit einem kombinatorischen Ansatz werden
Mehrbatteriesysteme entwickelt, welche die genaue Anzahl der beteiligten Komponenten sowie die Verschaltung dieser zueinander als Ergebnis liefert. Im letzten Teil wird
die Leistungsverteilung in diesen Systemtopologien, insbesondere bei heterogenen Systemen, untersucht. Die Frequenzregelung als eine der bekanntesten Anwendungen im stationären Sektor wird an zwei realen Energiespeichersystemen, die aus der Verbindung von
BMW i3 Batterien, DC/DC-Wandlern und DC/AC-Wechselrichtern bestehen, getestet.
vii

Zusammenfassung

Verbesserungen der Betriebsziele wie Leistung, Effizienz und Lebensdauer können durch
den Einsatz von Regelstrategien erreicht werden, um die Energie gewinnbringend zu
verteilen.
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CHAPTER

Introduction
This thesis is motivated by the challenges of the global energy transition and shows the
relevance of stationary energy storage systems (ESSs) based on used and new electric
vehicle (EV) batteries. In the following, the main objectives and structure of this work
are introduced. The state of the art part gives an overview of ongoing projects and key
issues in the automotive world/industry and the research fields in the scientific sector
regarding the ecosystem of E-Mobility and stationary ESSs.

1.1

Motivation and Problem Definition

Over the last few years, the global energy transition (GET) [1] [2] [3] [4] has gained in importance worldwide, driven by growing urbanisation [5] [6] [7] [8], scarcity of fossil-based
fuels [9] [10] [11] [12] and accumulating pollution [13] [14] [15] [16] [17] [18] [19] [20] [21].
This has resulted in an increasing need for renewable energy sources [22] [23] [24], more
stringent environmental regulations [25] [26], and changes in consumer consciousness [27]
[28]. The combination of these factors (urbanisation, environment, politics and regulations, economics, and culture) promotes the expansion of E-Mobility [29] [30] [31] but
also means an increasing level of complexity within the grid structure of energy distribution systems [32] [33]. Increasingly decentralised and volatile energy production systems,
like photovoltaic systems or wind power generators [34], have to be efficiently integrated
into the present electrical transmission and distribution network. This, in conjunction
with more photovoltaic producers wanting to consume their self-generated energy [35],
results in a high demand of local storage for electrical energy [36] [37] [38] [39]. The
increased importance of E-Mobility with its demand for essential energy availability and
the need to integrate more unpredictable renewable energy sources into the grid complement each other and introduce new challenges for energy provision and distribution.
E-Mobility [30] [40] is accelerating lithium ion (li-ion) battery manufacturing, thus providing a supply of local energy storage in the form of high-voltage batteries installed
in EVs. Conversely, the increased need for local storage creates a unique opportunity
for automotive companies to enhance the sustainability of their battery systems by ex1
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tending the battery lifecycle [32]. This can be accomplished by enabling alternatives to
immediate recycling, e.g. through second life local energy storage applications using stationary ESSs for power distribution control and adjustment mechanisms like frequency
regulation, peak shaving, arbitrage, etc. The breadth of stationary applications requires
that the system architectures and their control strategy must be deployable from small
systems, consisting of only one battery unit, up to large-scale systems. Moreover, both
used (battery second life (B2L)) and new batteries should be considered as a cost effective way of enabling the grid of the future [41] [42] [43] [44] [45] [46] [47] [48]. Therefore,
the GET enables new technologies (green adjustment) to handle the usage of renewable
energy (distributed generation), to store them in stationary ESSs (local energy systems),
and to equip them with suitable control methods for virtual operation as a micro grid
(MG). Figure 1.1 illustrates the challenges of the GET and their innovative changes
[1][2][3][4].
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Global Energy Transition

Urbanisation

Environment

Megacities (increasing population /
emissions, changing infrastructure)

Climate change and the subsequent
effects (global warming),
resource scarcity

Culture
Changing values (assumption of social responsibility),
innovation (sustainable mobility as part of a modern urban
lifestyle), safety (nuclear energy disasters, supply
reliability)

Politics and Regulations

Economics

CO2 - and fleet regulations,
restrictions on imports/exports

Increasing prices of fossil fuels,
renewable energy, new technologies

Innovative Changes

Green
Adjustment

Micro
Grids

Distributed
Generation

Local Energy
Systems

Figure 1.1: Challenges and innovative changes of the GET. The main challenges are
growing urbanisation, new policies and regulations, protection of the environment, dealing with economic conditions and changes in the culture. The GET requires four innovative changes: green adjustment, MGs, distributed generation, and local energy systems.
The five challenges are explained in more detail using examples and current events:

Urbanisation: In 2008, more people (3.3 billion) were living in cities than in rural
areas for the first time [5]. This development has resulted in the formation of more and
more megacities (cities with more than ten million inhabitants) [6]. The explosive growth
of cities is a new phenomenon: megacities in the modern sense have come about in the
course of industrialisation [8] [49]. Megacities differ not only in terms of being in the
North or the South of country but also in their climatic, and political conditions. There
are poor and rich cities, well organised and chaotic megacities. Taking into account the
fact that most of the people in this world are found in cities, sustainable solutions for
a future-oriented urbanity are necessary. City dwellers need good air to breathe, clean
drinking water, medical care, sanitary facilities, but especially a reliable energy supply
and infrastructure [7]. Most (26 of 34) of the biggest megacities worldwide are located
3
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in the Asiatic region and Latin America. Only three of them can be found in Europe:
Moscow, London, and Paris [50].
Environment: The correlation of carbon dioxide (CO2) and global warming was physically proven over 120 years ago and since then it has often been verified [16] [20] [17].
Moreover, todays, CO2 concentration of nearly 400 ppm is well above the average of
the last millennium [14][15]. Consequently, increasing average temperatures on earth
together with extreme weather are expected [32]. Melting ice in the Arctic and glaciers
around the world, increasing ocean temperatures, rising sea levels, acidification of the
oceans due to elevated CO2 in the atmosphere, and responses by plants and animals,
such as shifting ranges, are the main manifestations [21]. Major changes in temperature, rainfall, snow, or wind patterns (climate change) could be seen for the last several
decades or longer. Both human and natural factors contribute to this effect [32][19][18]:
• Human factors: Burning fossil fuels, cutting down forests and developing land for
industry, cities, and roads. These activities all release greenhouse gases into the
atmosphere.
• Natural factors: Changes in the Earth orbit, sun intensity, the circulation of oceanic
and atmospheric currents and volcanic activity.
Besides global warming, the scarcity of fossil fuels is another element that is affected
by environmental changes [11]. Before a quantitative analysis, it has to be mentioned
that there is a difference between reserves and resources. Reserves are the amount of fossil
fuels in a known deposit. In comparison, resources means the known or expected deposits
that can not be exploited profitably currently either because of financial or technical
barriers. The total amount of fossil fuel reserves globally is 37,934 EJ. Conversely, the
amount of resources is significally higher 551,813 EJ [10]. Figure 1.2 gives an overview of
the existing reserves and resources. The coming resource scarcity will lead to increasing
acceptance of renewable energy [34]. This means in the future the mix of reserves and
resources will be extended by wind, water, solar, biomass, etc. The end of the fossil fuel
era will be ushered by the global triumph of renewable energy [1].

4

1.1

OrthoLignite
9%

Hard cole
45%

Natural gas
(nonconventional)
1%

Motivation and Problem Definition

Hard cole
80%
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2%

Natural gas (nonconventional)
4%
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19%
Natural gas
(conventional)
19%

Natural gas
Oil (not(conventional) conventional)
2%
2%

Oil (notconventional)
5%

Thorium 1%
Uranium
1%

OrthoLignite
9%
Oil (conventional)
1%

Figure 1.2: Worldwide reserves (left) and resources (right) (as of the end of 2014) by [9]
[10] [12].

Policies and Regulations: The European Commission has set three main targets for
2020: reducing greenhouse gas emissions by 20 % (compared to 1990 levels), increasing
energy from renewable energy by 20 %, and improving the energy efficiency by 20 %
[25] [26] [51]. Due to the European launch of emission targets, the transport sector in
particular has got its own emission goals. EU legislation has set mandatory emission
reduction targets for new cars on the European market. By 2021, the fleet average to
be achieved by all new cars is 95 gCO2 /km. This means a fuel consumption of around
4.1 l/100 km of petrol or 3.6 l/100 km of diesel. The target of 95 gCO2 /km for each
new car from a manufacturer will have to comply with the limit value curve in 2020 [52].
Table 1.1 presents the CO2 values of various automotive manufacturers in the year 2017
with a forecast for 2020/2021. Influenced by this fact, EVs are supporting the objective
of automobile manufacturers to reduce the CO2 fleet value [53].
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Table 1.1: Manufacturer group market shares, average vehicle mass, CO2 emissions, CO2
emissions targets for 2020 (effectively 2021) and the distance to the target [53].
Manufacturer
group

EU market
share [%]

Average
mass [kg]

2017
average

2020/21 Distance
target
to target

Toyota
PSA
Renault-Nissan

5
16
15

1,359
1,273
1,310

103
112
112

93
91
93

9
21
19

Average

-

1,390

119

95

24

FCA
Ford Motor Company
BMW Group
Hyundai Motor
Company
Volkswagen
Daimler

6
7

1,259
1,393

120
121

91
95

29
26

7
6

1,570
1,348

122
122

101
94

21
28

23
6

1,420
1,607

122
127

96
103

26
24

Another important aspect for analysing the changes in policies and regulations is
the import/export business. In fact, more than half (54 %) of the gross inland energy
consumption of the EU is supplemented by imports [54]. Germany is an important player
on the European electricity market because of its central geographical situation within
Europe. Electricity is physically exchanged with nine neighbouring countries: Denmark,
Netherlands, Luxembourg, France, Switzerland, Austria, Czech Republic, Poland, and
Sweden. In 2015, Germany booked an export surplus of more than 50 billion kWh
on electricity exchanged. Specifically, Germany exported around 83.1 billion kWh of
electricity to its neighbours, while itself importing 33 billion kWh. [55] [56] [34]
Economics: Two thirds of all greenhouse gas emissions result from the use of fossil
fuels. The aim of sustainable energy and climate policy is to replace these energy sources
with renewable, CO2 -free energy technologies. However, a challenge is to guarantee
a temporal and spatial security of supply while handling the seasonal and weatherdependent availability of renewable energy. Meanwhile, almost every fourth kilowatt
hour of electricity derives from wind, solar, biomass, or other renewable sources of energy
in Germany [32]. In 2013, more renewable energy plants were built worldwide than coal,
gas, and nuclear power plants together. Between 2004 and 2014, photo voltaic (PV)
power has increased fifty-fold around the world and wind power has increased eightfold. The generation of electricity from wind and the sun, but also from other renewable
energy sources, is decentralised. Instead of a few large power plants, the energy system
of the future is generating millions of small energy plants. Many of the actors involved
6
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are both power producers and consumers (prosumer). This does not mean that there will
only be small-scale power plants in the world. Large plants based on wind and sun are
also expected to remain in the new energy system [1]. In addition to the fossil-fuel phaseout, the nuclear phase-out (by 2022 in Germany) is becoming more and more important
[57]. In 2011, Germany announced its staggered withdrawal from using nuclear energy
due to the nuclear disasters in Harrisburg (1979), Tschernobyl (1986), and Fukushima
(2011). An ethics commission, set up by the Federal Government, has come to the
conclusion that nuclear energy can be replaced by environmentally, economically and
socially acceptable technologies.

Culture and Customer: All the above mentioned changes call for a reorientation of
social values. Social responsibility, sustainability, parsimony, independence from other
countries, and foresight will become core values of today’s society. One of the major fears
of society around the world, is the security of supply that is threatened by the increasing
number of megacities, focused on economically weak regions, and the transition from
a predominantly fossil fuel-based to a predominantly renewable energy-based economy.
The rising number of households with their own PV and battery ESS supports this
statement. On the other hand, the prevention of nuclear energy disasters is an important
issue. People are not only afraid of nuclear disasters, but of earthquakes, floods, terror
attacks and radioactive radiation (from nuclear waste) [27]. One further result of the
GET is that the future of energy is digital. The nation-wide digitisation of the energy
sector is the prerequisite and the key to a reliable and decentralised energy system of the
future, which is characterised by the volatile renewable energy from the wind and sun.
The information and communication technology (ICT) and the energy sector are growing
together. Only the combination of them will be able to reliably cover and control energy
supply and energy demand at all times [1].

1.2

Task Description, Objectives, and Structure

The GET enables ESSs. EV batteries, as a sustainable alternative to their disposal,
are increasingly integrated into these systems. Therefore, increasing numbers of car
manufacturers are interested in the wider range of applications for their li-ion batteries.
Since several years, OEMs like BMW Group already consider 2nd life use cases during
the development of EV batteries as flexible storage for sustainable energy, in order to
achieve an optimised and widespread usage of renewable energy. In various international
cooperation projects, the EV batteries were dismantled into their individual components
and, after some tests, assembled and matched together with other battery components
to an ESS. High development costs were incurred because of the extensive adjustment.
Meanwhile, the main task is the development and qualification of a system architecture,
7
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which allows for operation with the battery, which was primary developed for the automotive market, without any design changes in the battery system. Furthermore, the
focus lies on enabling EV batteries for stationary ESSs regardless of whether it is a new
or a used battery (coming from EV application). For the operation, usually major technical adjustments are necessary in stationary applications. In order to be suitable for
both stationary and mobile operation, these battery systems must partly fulfil conflicting
requirements:
• Operational capability of the battery in EVs (primary purpose):
Automotive batteries bring some beneficial characteristics for stationary use such
as a dense system package, high power limits, and high demand on security and
protection. However, there are some disadvantages like the voltage level and the
limited operating life time of a few years.
• Operational capability of the battery in stationary systems (secondary purpose):
Various applications and different system sizes have to be analysed, e.g. the use as
home storage in private family houses, the use of storage in conjunction with an EV
for charging, the use for grid stabilisation (frequency regulation), the operational
use of the uninterruptible power supply, the integration of renewable energy, or
many others. In addition, the requirements of different markets must be evaluated
in a differential approach.
• Business management:
In addition to the technical requirements on the overall system, the business objectives must be considered. Based on the current contents of the project stationary
storage & Battery 2nd Life (overview given in Section 1.3), initial findings of the
cost adjusting lever are available for different variants of stationary ESSs with
high voltage EV batteries. The conditions of the battery use without any technical changes shall be identified as the basis of an economically optimised system
architecture. Especially, in addition to the adaptation of the battery integration
in stationary ESSs, the interaction with the economic levers on the value chain of
the battery development should be considered on the cost side.
• Additional criteria:
In addition, further requirements, e.g. with regard to sustainability, industrialisation, process and system safety, efficiency and performance must be met.
In the scope of this work, different work packages are developed and therefore the
focus of the mentioned requirements is weighted differently in the respective sections of
this work. Chapter 2 shows a comprehensive overview of the current market situation
with a view to the future (demand and supply side), and the introduction of the B2L
approach as a sustainable alternative to the recycling of EV batteries. This chapter
8
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includes an investigation of the usability of the BMW i3 battery for stationary applications, an analysis of different automotive li-ion battery chemistries, and an evaluation
regarding their properties (capacity, nominal voltage, energy density, cycle life, thermal
stability, etc.). A comparison of mobile and stationary requirements shows the main advantages and disadvantages to use EV batteries for stationary ESSs. The requirements
and development phase of the BMW EV battery are also presented in the fundamental
chapter. Figure 1.3 shows the three parts of the thesis, which are divided into the following pillars: system application (see Part I), system design (see Part II), and control
strategy (see Part III).

System
Application

System
Design

Control
Strategy

- Overview of stationary

- Analysis of components
and system topologies
- Case studies about
system topologies
regarding parallelisation,
efficiency, weight, size,
and volume (including a
combinatorial approach)

- Introduction of a
control hierarchical
framework, control
objectives and methods
- Case study about
optimal power flow
through heterogeneous
systems

storage applications and
their properties
- Case studies about four
applications, market
influence and evaluation
on real system

Figure 1.3: Three pillars of the thesis: system application, system design, and control
strategy.
This work makes a contribution into the field of stationary storage environment. The
aim is to ensure a sustainable and environmentally compatible energy supply on the
basis of transparent energy and cost efficient, safe and reliable system operation. The
main objective of the first work package (Part I) is to investigate various applications in
the stationary sector, including their technical and economic characteristics. Chapter 3
displays typical applications for li-ion based ESSs and gives their topical classification.
In Chapter 4, the load profiles of the most economical applications are analysed, their
market dependency is investigated, the behaviour in multi-use scenarios is demonstrated
and quantitative operational assessment of two real medium-sized ESSs is given. The
9
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main results are summarised in Chapter 5.
Realising the potential of EV batteries for stationary applications calls for the development of suitable system architectures that will enable the connection of the batteries
to the grid. These architectures need to meet the requirements of the application and to
make the application economically viable. Therefore, Part II describes the fundamentals of system designs (see Chapter 6) and introduces various system architectures (see
Chapter 7). This part performs a systematic investigation of the different topologies of
system architecture for stationary applications connecting EV batteries. The ultimate
goal is to develop a semi-automated decision support toolkit that practitioners can use
to design appropriate architectures given the properties of available batteries, target
storage application, available volume and individual budget. Chapter 8 is split into five
sections. After illustrating the benefits and disadvantages of three system topologies, an
analysis of their behaviour under parallelisation (see Section 8.1) is given. The energetic
analysis (see Section 8.2) focuses on the system efficiency of different architectures and
on the influence of power distribution. In Section 8.4, a sensitivity analysis is included to
show further distinctions in criteria such as volume, weight and cost. Depending on the
required application, the selection of suitable batteries (from different generations and
ages) and power electronic components (of various performance levels), their number,
and their interconnection may cause a combinatorial problem. Therefore, the main objective of Section 8.5 is to develop a methodology to find the most cost-effective system
design. Chapter 9 recapitulates the most important findings of this part.
Control methods are important for stationary ESSs, especially for ones based on
the so called second life batteries, due to asymmetrical system design and a mix of
batteries from different capacities and ageing levels. Therefore, Part III provides a
theoretical analysis about power flow in stationary ESSs and shows simulation results of
four different control methods. In addition to an efficient power distribution, a batteryfriendly control is strived. Chapter 10 develops a hierarchical control scheme comprising
several levels followed by an introduction of control methods for computing three different
target values of the control strategy. The practical part (see Chapter 11) shows the
simulation results of four control methods. A conclusion is given in Chapter 12. The
main results of this work are summarised in Chapter IV.

1.3

State of the Art

This section gives a comprehensive overview of the current market situation with a
view to the two areas of industry and research. To begin, some existing systems are
described for reference purposes. Besides the large storage system in Berlin, Germany
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(14.4 MWh/17 MW), there are a lot of other projects outside of Europe [28]. Kyusyu
Electric Power Co. Inc. (supplied through Mitsubishi Electric Corporation) has installed
a 300 MWh/50 MW battery system in Buzen, Japan. This stationary ESS is based on
sodium-sulphur accumulators [58]. Tesla’s li-ion battery storage power plant supplied
in Australia has an output of 100 MW and a capacity of 129 MWh. The plant was
installed at the Hornsdale wind farm and is operated by company Neoen [59]. The
Chinese company BYD has been operating a battery storage facility with a capacity of
40 MWh and a maximum output of 20 MW near Hong Kong since 2014. The battery
consists of almost 60,000 individual li-ion phosphate cells [60]. In May 2017, SolarCity
opened a battery storage power plant on the Hawaiian island of Kaua’i with a capacity of
52 MWh. The storage facility is connected to a 13 MW solar power plant and will shift
the peak yields during the day into the night [61]. The increasing E-Mobility 1 and their
available li-ion batteries is leading to a growing interest of automobile manufacturers in
their contribution to the stationary storage sector. The projects of some well-known car
manufacturers are introduced below.
BMW: In 2011, Bayerische Motoren Werke Aktiengesellschaft (BMW AG), the parent company of BMW Group, consolidated its activities in the area of E-Mobility and
sustainable automobiles under the umbrella of the new subbrand BMW i. In 2013, the
BMW i3 was launched as a consistently sustainable, emission-free vehicle for urban mobility. One year later, the BMW i8 came onto the market, presenting itself as the future
of the hybrid sports car. Since the beginning of 2016, the BMW Group and Viessmann
GmbH & Co. KG have jointly offered solutions for energy management in a joint venture
called Digital Energy Solutions. With the Digital Energy Solutions brand, the two companies are leveraging their expertise and technologies to optimise the customer’s energy
system in terms of sustainability, cost, and secure supply. The BMW Group is a pioneer
in E-Mobility and along with ChargeNow is the world’s largest provider of public charging infrastructure. The company is increasingly counting on its own energy production
and on energy from local renewable sources. In 2014, 51 percent of the BMW Group’s
electricity from renewable energy came from the BMW Group itself. In addition to the
joint venture, there are a number of projects for the stationary application of automotive batteries in which BMW is involved. So far considerable changes have been made to
the storage itself by major partners from the fields of energy supply, automotive supply
and car manufacture: the storage is disassembled, modified and reassembled at module
level. The aim of such activities is, in particular, to extend the life cycle of batteries
from electric vehicles. Table 1.2 presents an overview of the experience gained during
the different projects. The results of these projects form the starting point for this work.

1

A detailed list of automotive manufacturers and their EVs can be found in Appendix A.1.
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Table 1.2: Overview of completed projects of the BMW.
Project

Year

System size

Application area

Charge
Forward [62] [63]
BMW i Home
Charging Services [64]

2014

100 kW/220 kWh

charge management of EV owners

2014

4.6 kW/2 kWh 8 kWh

Battery
2nd
Life - Project
1 [65][66] [67][68]
[69][70]
Battery
2nd
Life - Project
2 [65][66] [67][68]
[70]
Battery
2nd
Life - Project
3 [65][66] [67][68]
[70]
BMW
Beck
System [71] [72]
USCD [73]
Shanghai Storage
BMW
FIZ
Parkingslot
BMW MaxD

2015

2 MW/2.8 MWh

home-generated solar energy for
EV charging/houshold power needs
(self-sufficiency, minimisation impact of rising energy prices)
grid stabilisation

2013/2014

50 kW/100 kWh

fast charging

2013/2014

16 kW/30 kWh

solar system

2016

18 kW/22 kWh

solar system

2013
2015
2015

100 kWh/160 kWh micro grid
250 kW/305 kWh facility management, UPS, EV
charging
50 kW/50 kWh
EV charging, PV storage

2016

55 kW/88 kWh

PPS WCL
Leippzig Storage Farm [74]
ALFEN [75]

2016
2017

120 kW
10 MW/15 MWh

EV charging, peak shaving, arbitrage, mix of applications
demand charge
frequency regulation

2017

12 MW

frequency regulation
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Dailmer: In 2016, Mercedes-Benz Energy GmbH, responsible for the development and
worldwide distribution of stationary ESSs, was founded. A joint venture between the
partners Daimler AG, The Mobility House AG, and GETEC is operating the world’s
largest 2nd-use battery storage and marketing it on the German primary control power
market. The partners are supported by the recycling specialist Remondis GmbH. Daimler
is combining project-based cooperation with the energy supplier enercity (Stadtwerke
Hannover AG). Mercedes will pursue utility-scale projects, and already has a contract
to build a 1-megawatt containerised storage system to provide frequency regulation and
demand response in PJM territory. Daimler is launching a 16 MW ESS in Hanover.
Instead of simply stacking the batteries in a high-rack warehouse, some 3,000 units from
the current smart electric drive vehicle fleet are bundled into a large-scale stationary
ESS in Luenen. The batteries, which are actively stored in Hanover, make an important
contribution to stabilising the electricity grid in times when energy production from
renewable sources such as solar and wind is low, since they are virtually equal to lossfree energy fluctuations. But it is not just the energy balance that benefits from the
“breathing energy storage”. The batteries themselves are also kept healthy. In order
to be able to be used without problems, the battery must be regularly charged and
discharged during its storage period, in order to avoid a deep discharge which could have
a negative effect on the performance [76][77] [78].
Tesla: Tesla, Inc. is an automotive company, but also deals with innovative, emissionfree energy systems (Tesla Energy). Tesla batteries allow private households, businesses
and power companies to store sustainable and renewable energy, to meet the demand
for electricity, to produce reserves, and to improve the resilience of the power grid.
The “Tesla Powerwall” is a rechargeable li-ion battery designed to store energy at a
residential level for self-consumption of solar power generation, emergency backup power,
load shifting and other applications. The Powerwall consists of a Tesla li-ion battery
pack, liquid thermal control system, and software that receives dispatch commands from
a solar inverter. For utility scale systems, 100 kWh battery blocks are grouped to scale
from 500 kWh to 10 MWh [79] [80][81].
Additional manufacturers: In addition to BMW, Daimler, and Tesla, there are other
car manufacturers, which are entering more and more into the stationary storage market. Nissan, Eaton and The Mobility House have developed an ESS that makes the
energy management of the Amsterdam ArenA more efficient, sustainable, and reliable.
The system uses Eaton’s bidirectional inverters and the equivalent of 280 Nissan LEAF
batteries stored in racks. It will be used for back-up power during major events replacing
diesel generators in the future, assisting utilities during periods of high demand, and grid
stabilisation services [82]. Vehicle to Grid applications are also playing a role in the energy sector. Data from current research projects show that an electric car with a battery
13
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capacity of 25 kWh can approximately generate an additional 300 e per year by participating in the standard power market [83]. Second life for e-bike batteries are becoming
increasingly important within the energy storage industry, due to the fact that around
one million e-bikes are sold in Europe each year. The energy provider WEMAG from
Schwerin (located in Germany) is taking on these challenges by turning used batteries
from electric bicycles into energy storage for PV systems (company brand: ReeVOLT!).
The ReeVOLT! storage system consists of 16 e-bike batteries from Swiss pedelecs, which
together have a capacity of up to 5 kWh [84].
Over the last five years, different OEMs entered into the stationary market with their
knowledge about li-ion batteries. The range of applications extends from small home
applications to large network stabilisation applications. Due to increasing E-Mobility,
the stationary market will continue to be served by OEMs.
Especially, universities and institutes are researching in many fields of stationary
systems: energy market, battery chemistries, battery ageing, storage applications, MG,
system design, control methods, etc. In the following some research projects are introduced:
The research project EEBatt is a multidisciplinary project from TUM’s Munich
School of Engineering [85]. Combining the strength of 13 chairs and departments of the
university (TUM), the industry partner VARTA Storage GmbH and the Bavarian Center for Applied Energy Research (ZAE Bayern), a multidisciplinary team of researchers
is working together on a wide range of issues concerning stationary storage of electrical energy. Together with KWH Netz GmbH, a regional power supplier company in
Haag/Upper Bavaria, the obtained results of the research project are evaluated.
One result of the research project EEBatt is the stationary ESS ENERGY NEIGHBOR, which is going to be tested in Moosham (Bavaria, Germany). ENERGY NEIGHBOR is a community ESS with a storage capacity of 200 kWh that allows local residents
to consume locally generated energy. Therefore ENERGY NEIGHBOR helps to integrate electricity produced from renewable energy sources better and to relieve the grid.
This is a contribution to a sustainable and decentralised energy system.
A further project is enabled by RWTH Aachen: M5BAT represents a modular ESS
with five parallel battery strings of 1.25 MW rated power [86] each. This size is necessary
to ensure a power output of 5 MW (even if one battery string goes offline due to maintenance). Peripheral components, such as heating, ventilation and air conditioning, are
treated as an integral part of the system in order to achieve an optimal system behaviour
14
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in terms of cooling, heating, and battery positioning. Different battery technologies are
involved in the ESS: lead-acid, sodium-nickel-chloride and li-ion batteries are used to
optimally combine the advantages of each technology. The storage operation will be
conducted according to a scientific program, which will make it possible to deduce statements about life cycle costs and techno-economical potentials. Furthermore, target costs
for important storage applications shall be deduced, allowing statements about the price
for balancing energy to be given. This represents the basis for an economic operation of
ESS (under consideration of the cost decline of batteries), or which regulatory incentives
need to be made respectively.
In addition to the projects mentioned above, the following facilities in particular are
increasingly involved in the field of stationary ESSs: The efficient operation of stationary ESSs for a sustainable future is one of the research fields of acsifa. The institute is
working on new technologies and methods to control the temperature in buildings, the
power generation from wind energy and the elctrical grid. A variety of research facilities
such as NREL, the Frauenhofer Institute, FFE, IBM and many more also deal with this
question but will not be introduced in this thesis in more detail.
Besides the OEMs, institutes and universities are taking up the open research fields
of stationary storage systems with more effort. As this thesis shows, the department
for battery 2nd life in the BMW Group and the Institut für Automatik at ETH Zurich
collaborate within the framework of this work.
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1.4

Publications

The work presented in this thesis is a result of close collaboration with colleagues and is
mainly based on the submitted or published articles below.
• Michaela Bauer, Tam Thanh Nguyen, Andreas Jossen, and John Lygeros, Evaluating frequency regulation on two stationary energy storage systems with batteries
from electric vehicles, Journal of Energy Storage, November 2018 (see Part I)
• Michaela Bauer, Tam Thanh Nguyen, Andreas Jossen, and John Lygeros, Evaluating frequency regulation on two stationary energy storage systems with batteries
from electric vehicles, 12th International Renewable Energy Storage Conference
(IRES), March 2018 (see Part I)
• Michaela Bauer, Julian Wiesmeier, and John Lygeros, A comparison of system
architectures for high-voltage electric vehicle batteries in stationary applications,
Journal of Energy Storage, October 2018 (see Part II)
• Michaela Bauer and John Lygeros, System Architecture and Control Strategy for
Stationary Battery Storage Systems based on Electric Vehicle Batteries – Methodology to evaluate System Design, Electric/Electronic in Hybrid and Electric Vehicles
and Electrical Energy Management (EEHE 2018), June 2018 (see Part I, Part II)
• Michaela Bauer, Markus Mühlbauer, Oliver Bohlen, Michael A. Danzer, and John
Lygeros, Power Flow in Heterogeneous Battery Systems, Journal of Energy Storage,
July 2019 (see Part III)
• Research project UnABESA - Universelle Anbindung von Batteriespeichern aus
Elektrofahrzeugen für Stationäre Anwendungen, Bayerische Motoren Werke AG,
Hochschule München, Inductron Inductive Electronic Components GmbH, Munich Electrification GmbH, and Vattenfall Europe Innovation GmbH, supported
by Bundesministerium für Wirschaft und Energie: In the UnABESA project, the
project partners are investigating concepts for a universal connection of batteries
from electric vehicles for stationary energy storage applications.
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Background
This chapter considers many issues from the growing stationary market of ESSs and the
increasing interest of the automotive industry in this sector. Before taking on the detailed part of stationary applications, system design, and control strategies, the following
questions will be answered to achieve a solid basis for the main parts of this thesis:
• What is the status of the energy storage market and how has it developed? Why
are ESSs necessary? What is the main purpose of ESSs? (see Section 2.1)
• What are the different storage technologies and what are their main properties?
Are energy storage technologies safe? Are ESSs “clean”? (see 2.2)
• Why are ESSs important for the automotive sector? What are the differences
between the automotive and the stationary sector? (see 2.3)
The current market situation answers these questions and shows the necessity of
stationary storage solutions, not only in the automotive environment.

2.1

Development of the Energy Market

In 1775, A. Volta invented the first functioning battery and thus made the use of electrical energy possible [87]. Since then, people have been using electrical energy. The world
consumes 20 trillion kWh of energy annually. This is enough to supply a single-family
home for 1.8 billion years, to provide power to a nuclear power plant for 2,300 years, or
to launch the Falcon 9 rocket 17 million times [88].
In the last 50 years, primary energy consumption has increased in all regions of the
world. The global consumption of primary energy rose from 4,913 to 13,511 million
tonnes of oil equivalent between 1970 and 2017, an increase of 175 percent [89] [90].
Table 2.1 shows the primary energy consumption and the electricity generation for the
17
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Table 2.1: Primary energy consumption and electricity generation for the main regions
of the world for the years 2007 and 2017. The total amount worldwide is given by sum
of all numbers [91].
Energy consumption
in million tonnes of oil equivalent

2007

2017

North America
South and Central America
Europe
CIS
Middle East
Africa
Asia Pacific
Total World

2,809.5
587.0
2,041.7
989.8
618.2
346.9
4,195.2
11,588.4

2,772.8
700.6
1,969.5
978.0
897.2
449.5
5,743.6
13,511.2

Energy generation
in TWh

2007

2017

North America
South and Central America
Europe
CIS
Middle East
Africa
Asia Pacific
Total World

5,332.2
1,034.7
3,870.1
1,453.2
737.3
610.5
7,008.6
20,046.5

5,290.2
1,315.8
3,901.3
1,539.5
1210.9
830.7
11,462.9
25,551.3
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main regions of the world for the years 2007 and 2017. The largest growth in both energy
consumption and energy generation can be seen in the Middle East and Asia Pacific [91].
Electricity is an expensive product and it is becoming more and more expensive. Consumers are primarily aware of the ever increasing electricity bills and the price increases
of power suppliers. A direct comparison of electricity costs confirm this assumption.
The electricity price of 19.46 cents per kWh in 2006 increased to 29.16 cents per kWh in
2017 at an average consumption of 3,500 kWh per year [92] [93] [94]. The reason for the
constantly rising electricity price is the EEG apportionment. The Öko-Institut assumes
that the EEG apportionment will continue to rise steadily until 2022 [95]. Figure 2.1
shows the increasing electricity price from 2006 to 2017 in Germany.
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Figure 2.1: Electricity price in cents per kilowatt hour at an average consumption of
3,500 kWh per year in Germany by [93] [94].

The increasing amount of energy consumption combined with the rising electricity
price and other factors motivated by the global energy transition - greenhouse gas reduction, fluctuating energy resources, rise of peak loads, uncertain forecast for solar
and wind, nuclear phase-out, new laws, increased feeding-in of renewable energy, and
cultural changes - has led to both a volatile decentralised feed-in (and generation) and
consumption. Based on this, technological solutions for stationary ESSs are necessary
to compensate some of these effects at least partially or even fully.

2.2

Stationary Storage Systems

In times of unpredictable energy prices, resource shortages, and ubiquitous climate burden, more efficient use of fossil fuels and increased usage of renewable energy sources
become evermore important. ESSs are indispensable for ensuring a reliable and sustainable energy supply [83] by decoupling the supply-dependent energy demand from volatile
renewable energy generation. In this section, an overview of conventional storage technologies is given, followed by the introduction of electrochemical ESSs based on lead-acid
and lithium-ion batteries.
20
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Overview of Conventional Storage Technologies

Conventional storage systems are divided into four energy forms: mechanical, chemical, thermal, and electrical (especially electrochemical). In principle, these energy forms
can all be transformed into each other but with very different degrees of efficiency and
technical effort. A simple example of a transformation chain, which encompasses all the
energy forms listed here, is found in a coal-fired power station [96]. The chemical energy
bound in the coal is partly converted into heat, i.e. thermal energy, during combustion.
The heaters evaporate water, which expands as water vapour and thus performs mechanical work. In a turbine it is converted into rotational energy. Furthermore, a generator
converts the mechanical energy into electrical current and electrical energy is produced.
The usage of different technologies depends on the power and energy requirements. This
is mainly due to economic considerations, which are influenced by the costs per installed
energy and power capacity and in particular the achievable service life [83]. An overview
of conventional storage systems is shown in Table 2.2 [32] [96] [97]1 :

1

More information about conventional storage systems can be found in Appendix A.2.
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Table 2.2: Comparison of conventional storage technologies by [32] [96] [97][83].

CAES

Sodium

Lithium

electrochemical
10 kW 10 MW

RedoxFlow

LeadAcid

mechanical

electrochemical
scalable

AA-CAES

Pumps
accumulator

electrochemical
scalable

mechanical

mechanical
-

electrochemical
scalable

10 MW
100 MW

10 MW
100 MW

-

0.1 GW 1 GW

up
to
35 kW/m3

high costs

1,500 e/kW
4,000 e/kW
high
efficiency,
recyclable

-

up
to
300 kW/m3

enden-

safety, lifetime only
few years

high
ergy
sity

>150 e/kW

sec

90 %

oeprating
temperature 290◦ C

-

100 kW/m3

7 kW/m3

costefficient,
sophisticated
technology

-

30 kW/m3

0.7 kW/m3

up to 55 %

2.7 kW/m3

Energy
type
System
size
Energy
density

up to 80 %

still in development
phase

low energy
density,
short
lifetime

75
%
85 %
sec

up to 70 %

Efficiency

min

70
%
90 %
sec

min

81
%
94 %
sec

min
600 e/kW 1,000 e/kW

150 e/kW

600 e/kW 3,000 e/kW

many suitable, locations

moderate
efficiency,
combination with
gas turbine
necessary

1,000 e/kW
3,000 e/kW
lifetime up
to 15 years

Access
time
Invest
cost
Advantages

high
efficiency,
costefficient

1,000 e/kW
1,500 e/kW
high
efficiency

Disadvantages

depend
on
its
location,
limited
expansion
potential

scalable

mechanical

Flywheel

scalable

electrical

Capacitor

100 kW 100 MW

electrical

Coil

0.1 GW 1 GW

chemical

Hydrogen

2,000 e/kW
6,000 e/kW
no
selfdischarge

less
than
50 %

4 Wh/kg

short
access time

1 kWh/m3
10 kWh/m3
98 % without cooling
thousandth
of a sec
200 e/kW 1,000 e/kW

long
lifetime, short
access
time, high
power
density

very high
system
costs,
cooling is
necessary

80
%
95 %
thousandth
of a sec
100 e/kW 500 e/kW

10 kW/m3

up to 95 %

thousandth
of a sec
100 e/kW 500 e/kW

low maintenance,
cheap,
high
efficiency
at
short-term
operating
high selfdischarge
up
to
20 %/h

very high
system
costs, discharging at
high temperature

high conversion
losses,
complex
storage
system,
still in development
phase
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In addition to their advantages and disadvantages, the technologies differ in their system size, efficiency, and investment costs. There are numerous competing requirements
for stationary ESSs. A high power density leads to losses in the energy density. Furthermore, almost every technical optimisation has to obtain higher specific costs. The
decision of which storage technology should be used is based on the amount of energy,
which should be stored, the storage time, the required charging and discharging capacity,
the number of cycles, and further conditions, such as space availability, acceptance, etc.
In the following sections the potential of electrochemical storage systems is analysed.

2.2.2

Electrochemical Energy Storage Systems

In this work, electrochemical ESSs are of particular importance due to their high storage
density and the ability to easily transform electrical energy into other forms of energy. In
general, a distinction is made between primary and secondary batteries (accumulators).
The main characteristic for a primary cell is that the assembled and charged cell can be
discharged only once. Therefore, the focus for ESSs lies on secondary batteries. They
are assigned to different time scales. On the one hand, short-term fluctuations in the
power grid are to be compensated and on the other hand, buffering of temporary storage
in the range up to several hours has to be ensured. Accordingly, suitable storage capacities have to be created, which have a long calendar lifespan and a high cycle strength.
Depending on the application, these systems have to meet different requirements with
regards to energy density, performance, input and output dynamics as well as reliability,
maintenance, and costs. ESSs for stationary applications such as uninterruptible power
supplies or the storage of solar power, which are based on lead-acid technologies, are
already available on the market and are also specially optimised for these applications.
They are relatively inexpensive, but not all requirements that are placed on future storages can be complied with lead-acid batteries. The reasons are on the low specific energy
and the bad ageing characteristics of lead-acid batteries, which are strongly dependent
on the mode of operation. For example, continuous operation in the partial state leads
to sulphating and rapid loss of capacity, which is not the case with li-ion cells. Therefore,
li-ion batteries gain an increasingly important role. They apply both to E-Mobility and
to the integration of renewable energies. An accelerated expansion of renewable energies
has enormous consequences for the supply networks. Therefore, it is important to know
the system connections between decentralised electricity generation and available grid
capacities. The capacity may be increased by the use of decentralised ESSs. However,
this applies operating strategies, which not only provide an optimisation from the point
of view of the plant operator but also if the interests of the network are integrated accordingly. From today’s perspective, battery types for grid-connected ESSs, li-ion batteries,
lead-acid batteries, but also high-temperature or redox-flow systems are possible [28] [32]
[98].
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2.2.3

Comparison: Lead-Acid and Lithium-Ion Batteries

Lead-acid and li-ion batteries are the most common electrochemical batteries in ESSs.
The following section explains which properties, advantages, and disadvantages are assigned to them. Afterwards, the price development of both technologies is presented.
Lead-Acid Battery
The lead-acid system, as one of the best known electrochemical systems, has a 150-yearslong history of development. The industrial production began in the late 19th century
(Henri Tudor 1887). Since then, the lead-acid battery has mainly been optimised for the
following applications: the starter battery, the electric drive battery, and the stationary
battery for emergency power supply. The importance of the lead-acid battery storage for
grid-coupled usage increases in the local (≈ 10kW h) and in the decentralised (≈ 1M W h)
range. In local applications, the systems can be operated in stand-alone mode or in
a grid-connected manner and are often associated with renewable energy generation
systems [32]. Lead-acid batteries are the most economical storage technology, which is
used mainly because of its low energy density when cost savings are more important
than weight and range. The low energy density, low lifetime, and bad charge acceptance
(due to high sulphating) are problematic. Losses are caused by material resistances,
polarisation effects, temperature effects, and side reactions. In addition, residual losses
occur due to self-discharge. The life span depends strongly on the area of application and
the charging conditions as well as their duration. Furthermore, lead-acid systems have
a high sensitivity to high and low temperatures and low compatibility against high and
deep discharge. The main advantages are the low material costs and the recyclability.
Lead-acid batteries have a single-cell nominal voltage of approximately 2 V. The safety
of the lead-acid battery can be classified as high, since overloading is prevented by the
incipient decomposition of water. Therefore, no complex battery management system
is required for safe operation [99] [100][101] [102] [103]. However, the high weight of
lead-acid batteries calls for alternatives especially in the automotive sector.
Lithium-Ion Battery
In 1962, the history of li-ion batteries began. The li-ion battery was initially developed
as a technology, which could not be recharged after a single discharge (primary battery). However, the li-ion batteries were further developed, especially in countries such
as South Korea and Japan, and have since entered into many applications. The advantages of li-ion batteries are a large specific energy, high specific power, high efficiency
during charging and discharging, and low self-discharge. The used cathode material is
of central importance for the performance of the battery. It has an influence on battery
parameters like cell voltage, energy and power density, cycle strength, operational safety,
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manufacturing costs, and environmental compatibility. The problem with the search for
the ideal cathode material is that no material achieves simultaneousely good values for
all of these parameters. Therefore, the choice of the cathode material always represents
a compromise [28].
Lead-acid vs. Lithium-Ion Battery
A beneficial advantage is that lead-acid battery withstands 1,200 full cycles at 80 %
discharge depth while li-ion batteries typically discharge 2,000 full cycles at 100 % discharge depth. In general, the share of li-ion batteries in the stationary storage segment
will be increased from 33 % to almost 80 % in 2020. This results in a market potential of
4.6 GWh for li-ion batteries. As a result, li-ion batteries are economically competitive in
many applications despite the higher initial investment because of the economies of scale.
Particularly, in cases where the batteries are part of a long-term investment, demand
will change rapidly from conventional lead-acid batteries to li-ion technologies [98].
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Figure 2.2: The total market for standardised li-ion batteries in the industries under
consideration until 2020 by [104].
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The total potential for li-ion batteries in all markets considered here can be up to
four billion euros by using a modular standard battery in 2020 (see Figure 2.2). Leadacid batteries retain their position as dominant battery technology with almost 50 %
market share. However, in the long term, the shift to li-ion technology will continue
steadily and at the same extent, additional cost-cutting potentials will be realised (see
Figure 2.3). Thus, further application fields are becoming economically relevant. The
cost delta between lead-acid and li-ion batteries will improve by 2020 in favour of li-ion
batteries.
-45 %
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-65 %
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1:1.5
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Lead-Acid
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Figure 2.3: Cost development of lead-acid vs. li-ion batteries until 2020 (e/kWh) by
[104].
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Characteristics of Lithium-Ion Batteries

Currently, standardised lead-acid batteries dominate the market as a well-known, reliable, and widespread technology but the rapid development of li-ion batteries and the
expected cost reductions will result in significant shifts. Before presenting the main
properties of li-ion batteries, the construction and function of li-ion cells are introduced.
The subsection ends with an overview of various li-ion chemistries and their properties.
Lithium-Ion Cell
Since Sony launched the first li-ion battery in 1991, the basic design of the battery has
changed in many aspects. The main components of the li-ion battery are the positive
electrode, often referred to as cathode and the negative electrode, referred to as anode
(in case of discharging). During charging process, the reverse is valid: the positive
electrode functions as an anode and the negative electrode acts as a cathode. The
unfavourable naming originates from the primary cell, which cannot be charged. The
ion-conducting electrolyte (containing the dissociated lithium conductive salt) and the
separator, a porous membrane that isolates the two electrodes from each other, are
located between the two electrodes [28].

-
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Figure 2.4: Construction and function of a li-ion cell. The li-ion cell consists of a negative
electrode, a positive electrode, a separator, and a SEI (discharge process) by [28].
During discharge, li-ions migrate from the anode through the electrolyte and separa27

Chapter 2. Background

tor to the cathode, where they are deposited. At the same time, electrons are released
by the expiring oxidation process. In addition to the flow, from the negatively charged
anode via an external electrical connection to the positive cathode, a reduction process
takes place and electrons are picked up. Electric consumers can be operated by the
external current flow. In case of charging, exactly the opposite takes place. Lithium
ions migrate from the cathode to the anode, where they are reversibly deposited. The
electrolyte acts as an intermediary between the reactions at the electrodes during these
processes and guarantees the li-ion transport. A SEI, which protects the anode from the
corrosive electrolyte solution (and which is at the same time permeable to li-ions), forms
suitable electrolytes on the anode. This layer is essential for intercalation compounds in
primary and secondary cells. In this context, the positive electrode is rather a conductive interphase. The performance and ageing of a cell depends on the stability of the
SEI. Charging and discharging processes increase the layer and also the resistance in the
cell. This results in a loss of li-ions, cathode material, electrolyte, and a corresponding
reduction in the cell voltage and charge quantity. In order to avoid this, an excess of
electrolyte and cathode material is generally used in the cell. The separator splits the
two electrodes from each other to prevent short-circuiting resulting from direct contact.
Accordingly, high demands are placed on this component. In most cells, the separator
prevents ions from moving further from the anode to the cathode in the event of a malfunction (at a certain temperature). The permeability to the ion flux is thereby lost.
However, the mechanical stability remains. This prevents overheating with subsequent
fire of the cell [105].
Designs of li-ion cells are not standardised. Typical designs are the cylindrical cell, in
particular the construction 18650 with a diameter of 18 mm and a height of 65 mm, the
prismatic cell and the pouch cell [105]. The cylindrical cell is the most used embodiment
of the battery. It is easy to produce, mechanically very stable, and achieves the greatest
energy densities compared to other forms. However, due to its shape, it has poor heat
dissipation and bad packaging. The cell chemistry is integrated in this cell using a stable
round housing. The cell is internally hollow, so that the cell can breathe inwards when
it is exposed (heating) and does not expand outwards. The structure of a prismatic
cell is similar to the cylindrical cell but better packaging and better heat dissipation
can be achieved. On the other hand, the complex cell production is disadvantageous.
The pouch cell (coffee bag cell) is another embodiment of the prismatic cell. Instead
of the fixed housing, a flexible one is used. During production, the sequence (anode separator - cathode) is generally stacked up. These stacks are either made from already
cut components or laminated from the roll and punched. The main advantages of this cell
type are its very good cooling properties, good scalability, and very good packaging with
low weight and very good heat dissipation thanks to its shape. In addition, high energy
densities can be achieved with comparatively favourable production. However, the low
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mechanical stability, the tightness, and a possible inflation of the cells by an increased
internal pressure with uncontrolled gas development are the disadvantages [105] [101].
Lithium-Ion Characteristic
The main properties of li-ion batteries used in stationary ESSs are the following [98]
[106] [28] [105] [107]:
• Energy Density:
The energy density affects the energy storage capacity of the battery. It is calculated either by means of the product of charge density (Ah/kg) and cell voltage (V)
and defines either the stored energy content per battery mass (Wh/kg, gravimetric
energy density) or is defined by the energy content per volume (Wh/l volumetric
energy density) resulting from the product of charge density (Ah/l) and cell voltage (V) [105]. A higher battery capacity allows the applications to have longer
operating times with simultaneous reduction of the battery volume and weight
[bmvit2010roadmap] [108].
• Power Density:
The power density is the maximum available battery power. It describes how
much power per battery mass (W/kg) can be delivered. The decisive factor for the
performance of the battery is the reaction rate of electron and ion transfer. Large
reaction areas between electrode and electrolyte facilitate this process. A high
power density also means that the energy consumption for charging the battery is
faster. However, this is at the expense of the energy density [bmvit2010roadmap]
[109].
• High current capability:
Batteries based on li-ion technologies can be divided into energy-optimised batteries with high capacities, low power densities, and average discharge currents and
into performance-optimised batteries with lower energy densities, high power densities, and very high discharge currents for short periods. With the C-rate, the size
of the charge and discharge current can be specified independently of the different
cell capacities. The current is significantly lower for charging than for discharging. The designation C stands for the respective currents, which are indicated as
fractions or multiples of the nominal capacity stated by the manufacturer [105].
• Energy Efficiency and Charging/Discharging Times:
Li-ion batteries are more efficient than lead-acid-batteries during recuperation and
have lower energy requirements. In addition, short charging times as well as the
intermediate or fast chargeability of li-ion batteries make high availability possible.
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• Life Time and Cycle Stability:
Over time, the battery is subjected to many features such as energy, performance,
and a good safety system through mechanical and thermal stresses, as well as chemical reactions. The service life of a battery is therefore limited and extends from
commissioning to the time of the memory failure. As a measure of the lifetime, the
ageing resistance (i.e. calendrical lifespan), and the cycle strength are used. The
ageing resistance is the number of expected years where the battery will operate.
In particular, the ageing process is influenced by the ambient temperature and
the quality of the BMS, and is thus largely independent of the usage. The cycle
strength indicates the frequency of discharging and charging. An important parameter of the cycle strength is the depth of discharge (DoD). It indicates the battery
condition value as a percentage of the total capacity. If a battery is discharged (independent of the discharge depth), damage can occur due to a memory effect that
shortens the battery life time. In addition, the verification of the current discharge
depth, the consumption can be indicated by the SoC. The charging state shows
the remaining battery capacity in relation to the total capacity (at full charge).
Increased battery life time and cycle resistance directly reduce maintenance and
replacement costs [bmvit2010roadmap] [108] [109] [105] [110].
• Cost:
The major part of the costs can be attributed to the cell production and the tools,
which are necessary for the production of the operational systems. Since the cells
are still predominantly manufactured in small batches, the production costs of cells
are relatively high. By increasing the number of production units, experts predict
a future with an ongoing reduction in costs [108] [109] [105].
• Safety:
Batteries contain chemicals that are highly flammable or can form explosive mixtures when discharged. Short circuits, overcharging, high heat effects, and the
risk of collisions have the potential to damage the battery. The battery design,
especially the built-in mechanics, the electronics and the BMS, have a significant
influence on the long-term performance of the entire system. Marketable batteries
will have to prove their suitability in everyday as well as extreme environmental
influences [109] [105] [111].
• Maintenance:
The mechanical structure of a battery system distinguishes between block design
and modular design. When building a block, individual cells are built into a single
block with associated sensors, electronics, and other components, which are placed
in a battery housing. In the modular design, a certain number of cells are connected to a module as a subunit for a battery system. Using these modules, larger
systems can be built and housed in a common housing after each application. The
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advantages of the modular design are the easy assembly of the components as well
as the simplified maintenance and interchangeability of individual modules. Li-ion
cells are virtually maintenance-free. A sophisticated BMS contributes significantly
to this.
• Environmental Sustainability:
The topic of environmental protection and resource conservation had for a long
time no great influence on the purchase of batteries by the customers. As current
studies show, environmental friendliness is now the fifth-most important consideration among customers. Consequently, the extraction, use, and utilisation of the
materials must be considered more closely with regard to environmental influences
and hazard potentials. Therefore, the generation and distribution of electrical
energy must be included in environmental considerations [108]. In addition to
the complex process of recycling, so-called second-life concepts of li-ion batteries
are gaining great ecological as well as economic potential. Such batteries usually
have sufficient capacity for secondary applications with lower requirements and can
thereby achieve a service life of 20 years or more (depending on the application).
Secondary marketing of the batteries can improve the eco-balance and generate
additional revenue [105].
Lithium-Ion chemistry
There are different anode and cathode materials. Anodes are expected to improve the
current available cell types through modifications. While carbon modifications are usually used as the active material of the anode today, there is a certain variety in the
active material of the cathode. In particular, these are oxide ceramic structures such as
lithium cobalt, lithium nickel manganese cobalt, or olivine structures such as lithium iron
phosphate [28] [105] [45]. The development in the cathodic arsenal is predicted (over
the next few years) to tend towards high-voltage materials, in particular spinels and
phosphates. In the medium term, the development of sulphides is expected before 2020
and for flour-sulphates after 2020 [107]. Figure 2.5 shows six different li-ion chemistries
with their properties such as specific energy, specific power, safety, performance, lifetime,
and cost. The lithium nickel cobalt aluminium oxide (NCA) cell has the highest specific
energy and the highest specific power. The lithium titanate (LTO) cell shows the best
characteristic for safety, performance, and lifetime properties. The costs for the lithium
cobalt oxide (LCO), lithium nickel manganese cobalt oxide (NMC), lithium manganese
oxide (LMO), and lithium iron phosphate oxide (LFP) cell show the same value.
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LCO

Cost

NCA

NMC
LMO
Specific Energy
4
3,5
3
2,5
2
1,5
1
0,5
0
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LFP

LTO

Specific Power

Safety

Performance

Figure 2.5: Six properties of various li-ion batteries by [45]: specific energy, specific
power, safety, performance, lifetime, and cost.
The characteristics of the six li-ion chemistries - LCO (lithium cobalt oxide), LMO
(lithium manganese oxide), NMC (lithium nickel manganese cobalt oxide), LFP (lithium
iron phosphate), NCA ( lithium nickel cobalt aluminum oxide), and LTO (lithium titanat) - are listed in the following two tables (Table 2.3 and Table 2.4).
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1 C,
10 C possible with
some cells, 30 C
pulse (5 s), 2.5 V
cut-off
300 - 1,500 (related to depth of
discharge, temperature)

1 C - 2 C,
2.5 V cut off, discharge above 1 C
shortens
battery
life

300 - 1,000 (related
to depth of discharge, load, temperature)

Discharge
(C-rate)

Cycle life

500 - 5,000 (related to depth of
discharge, temperature)

145 mAh/g
0.7 C - 1 C,
charges to 4.2 V
(most cells), some
go 4.3 V, 3 h charge
typical, charge current above 1 C
shortens
battery
life
1 C,
2 C posssible on
some cells, 2.5 V
cut-off

146 mAh/g
0.7 C - 1 C,
typical 3 C maximum, charges to
4.2 V (most cells)

Capacity
Charge
(C-rate)

Energy
density
Energy

2008
3.6 V/3.7 V nominal, typical operating range 3.0 V 4.2 V/cell or higher
490 Wh/l 580 Wh/l
150
Wh/kg
220 Wh/kg

1996
3.7 V/3.8 V nominal, typical operating range 3.0 V4.2 V/cell
290 Wh/l 340 Wh/l
100
Wh/kg
150 Wh/kg

1991
3.6 V/3.7 V nominal, typical operating range 3.0 V 4.2 V/cell
320 Wh/l 500 Wh/l
110
Wh/kg
200 Wh/kg, specialized
cells
provide
up
to
240 Wh/kg
140 mAh/g
0.7 C - 1 C
charges to 4.2 V
(most cells), 3 h
charge typical,

Year
Voltages

NMC

LMO

LCO

Properties

1 C,
25 C on some cells,
40 A pulse (2 s),
2.5 V cut-off (lower
that 2 V causes
damage)
500 - 5,000 (related to depth of
discharge, temperature)

170 mAh/g
1 C typical,
charges to 3.65 V,
3 h charge time typical

1996
3.2 V/3.3 V nominal, typical operating range 2.5 V 3.65 V/cell
160 Wh/l 260 Wh/l
80
Wh/kg
120 Wh/kg

LFP

500
(related
to
depth of discharge,
temperature)

1 C typical,
3 V cut-off, high
discharge
rate
shortens
battery
life

180 mAh/g
0.7 C,
charges to 4.2 V
(most cells), 3 h
charge typical, fast
charge
possible
with some cells

480 Wh/l 670 Wh/l
200
Wh/kg
260
Wh/kg,
300 Wh/kg predictable

1999
3.6 V nominal, typical operating range
3.0 V - 4.2 V/cell

NCA

-

3,000 - 7,000 (related to depth of
discharge, temperature)

10 C possible,
30 C (5 s) pulse,
1.8 V cut-off on
LCO/LTO

170 mAh/g
1 C typical,
5
C
maximum,
charges to 2.85 V

70
Wh/kg
80 Wh/kg

2008
2.2 V/2.4 V nominal, typical operating range 1.8 V 2.85 V/cell

LTO

2.2
Stationary Storage Systems

Table 2.3: Part 1 - Overview of various chemistries of li-ion batteries by [112] [105].
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Table 2.4: Part 1 - Overview of various chemistries of li-ion batteries by [112] [105].
Cost
Thermal
runaway

Properties
170 EUR/kWh
150 ◦ C (302 ◦ F),
full
charge
promotes
thermal
runaway
Mobile
phones,
tablets,
laptops,
cameras

LCO

safe, low cost, high
power

230 EUR/kWh
250 ◦ C (482 ◦ F),
typical, high charge
promotes thermal
runaway
Power tools, medical devices, electric
powertrains

LMO

Provides high capacity and high
power, serves as
hybrid cell, favorite
chemistry for many
uses, market share
is increasing

high voltage, good
specific
capacity,
high safety,
good lifetime, high
energy and power

200 EUR/kWh
210 ◦ C (410 ◦ F)
typical, high charge
promotes thermal
runaway
E-bikes,
medical devices, EVs,
industrial

NMC

450 EUR/kWh
270 ◦ C (518 ◦ F)
very
safe
battery even if fully
charged
Portable and stationary
needing
high load currents
and endurance
long lifetime, high
stability, basic low
cost, high power

LFP

Remarks

Main characteristic

Applications

high safety, good
lifetime, high energy

High power but less
capacity, safer than
Li-cobalt,
commonly mixed with
NMC to improve
performance

Manufacturers Sony, Kokam

Very high specific
energy, limited specific power, cobalt
is expensive, serves
as energy cell, market share has stabilised

PEVE, EIG, Hitachi, Sanyo, LG
Chem,
Samsung,
GS Yuasa, Kokam

Very flat voltage
discharge
curve
but
low
capacity, one of safest
li-ion chemistries,
used
for
special
markets,
elevated
self-discharge
A123, BYD, GS
Yuasa, SAFT, EIG,
Lishen
Hitachi, Sanyo, GS
Yuasa, LG Chem,
Samsung, Toshiba,
Altaimano

NCA

210 EUR/kWh
150 ◦ C (302 ◦ F)
typical, high charge
promotes thermal
runaway
Medical devices, industrial, electroni
powertrain

PEVE,

similarities
Li-cobalt,
as energy

expensive, high energy and power

Shares
with
serves
cell

SAFT,
AESC

LTO

one of safest li-ion
batteries

EIG,

UPS,
electric
powertrain, solarpowered
street
lighting
negligible
volume
expansion,
basic
low cost,
stable
electrochemical
operation,
high
thermal stability
Long
life,
fast
charge, wide temperature range but
low specific energy
and
expensive,
among safe li-ion
batteries

Altaimano,
Leclanche
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Influence of the Automotive Industry on the Stationary Sector

Since the beginning of 2008, numerous companies have announced the application of
advanced li-ion batteries in EVs, not only for light weight and industrial vehicles, but
also adequate hybrid and even full EV usable for the typical automotive customer. The
combination of mobility and electricity has created the term E-Mobility. Important criteria are costs, safety, volume, production, availability, and performance (energy, power,
life time, temperature, range). The final goal is the elimination of energy losses and
the increase of energy utilisation in stationary and mobile applications [113]. Through
economies of scale in mass production, which are achieved with E-Mobility, cost targets
can be achieved that make the economic use of li-ion batteries in stationary applications
meaningful and competitive [28].

2.3.1

Increased Battery Production and Price Development

Germany has set itself the ambitious target of achieving one million EVs on the road
by 2020 [114]. In 2016, new registrations of electric cars hit a new record with over
750 thousand sales worldwide. China was by far the largest EV market, accounting for
more than 40 % of the electric cars sold in the world and more than double the amount
sold in the United States. The global EV stock surpassed two million vehicles in 2016
after crossing the one million threshold in 2015. Assessments of country targets, OEM
announcements and scenarios on EV deployment seem to confirm these positive signals,
indicating a good chance that the electric car stock will range between nine million and
twenty million by 2020 and between forty million and seventy million by 2025 [115]. Currently, twenty nine models from German car manufacturers are available to customers
in Germany and more than 60 models from foreign manufacturers [116] [107].
The price of li-ion batteries decreased from $ 1,000 /kWh in 2010 to $ 273 /kWh in
2016. This is a drop of 73% [117]. Figure 2.6 shows the price development between 2010
and 2016 in $/kWh. Technology improvements and economies of scale are responsible for
the price decrease. In addition, the fierce competition between the major manufacturers
has been instrumental in bringing down prices. Battery prices are expected to fall to
$ 70 /kWh by 2030 [118]. The price forecast changes every year. The sales of EVs
depend to a large extent on economic conditions (fuel prices or tax concessions) as well
as customer-specific factors (usage characteristics or image of the battery manufacturer)
and make the forecast to estimate the cost aspects to marketability equally difficult [107].
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Figure 2.6: Price development of li-ion batteries between 2010 and 2016 in $/kWh by
[117].
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Development of EV Batteries using the example of BMW
i3

Since 2013, BMW has been selling the BMW i3 full-electric vehicle. In 2016, the 60 Ah
cell was replaced by a 94 Ah cell. In 2019, the 120 Ah cell will be announced. More details
about the BMW i3 battery can be found in Section 7.1. The Journal of Chemistry [119]
specifies the key performance parameters for the development of the BMW i3 storage by
2025 as shown in Figure 2.7. Points at the outer edge represent good conditions.
2015

Specific energy [Wh/kg]
2022

Power [W]
(10 s, 50 % SoC, +25°C)

Energy density [Wh/l]

Low T power [W]
(10 s, 50 % SoC, -25°C)

2025

Safety (EUCAR level)

Charging current [A]

Cost [%]

Lifetime (cycles over ten
years)

Figure 2.7: Key-performance parameters road map on cell level for fully electrified vehicles from 2015 to 2025. The data is based on BMW i3 batteries by [119].
In the previous Subsection 2.2.4, the importance of li-ion battery chemistries for their
usage in automotive applications is shown. Table 2.5 gives an overview of the used battery chemistries of the major manufactures.
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Table 2.5: Overview of used chemistries of different manufacturers [119].

Properties

Energy
density
[Wh/kg]
Capacity [mAh/g]
Nominal
voltage
[V]
Thermal stability
Manufac-turer

120
4.1

500

LMO +
layered
oxides

unstable

170
3.45

580

LFP

good

270
4.2 - 4.3

500

270
4.2 - 4.3

600 - 650

NMC/LMO NMC

270
4.2 - 4.3

700 - 750

NCA

good

drawbacks
(high Ni)
Daimler
Smart
EV
(BEV)
Mitsubishi
i-MiEV,
Nissan Leaf

BMW
Active Hybrid
3/5
series,
Chevrolet
Sparks,
Fisker Kama

Chevrolet
Volt
(PHEV),
BMW
i3
(BEV), Nissan
Leaf
(BEV)

drawbacks
(high Ni)
Tesla Model
S
(BEV),
BMW
Active Hybrid
7
(HEV),
Daimler
S
Class Hybrid
(HEV)
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The mix of chemistries, for example NMC and LMO, deliver excellent properties for
usage in EVs. Not only BMW i3 batteries are based on these chemistries, but also the
battery of the Nissan Leaf BEV and in addition, more car companies use this technology.
In the future, pure NMC and NCA batteries will find no further application because of
the poor service life and lack of safety at higher voltages [119].

2.3.3

Automotive and Stationary Use

E-Mobility as it currently stands shows the change towards a more modern infrastructure
with high technical standards of the energy supply networks. Especially in Germany,
there is a high willingness to innovate and a pronounced environmental awareness. The
contribution to climate protection and reduction of local emissions can be further increased by stationary ESSs. In order to handle the necessary high investment costs,
cross-industry cooperation between the automotive industry, the electricity industry,
and battery manufacturers are indispensable.
Due to the development of ever more EVs, the li-ion batteries used for this purpose already have well devised properties [83]. For automotive use, a high-range, highavailability charging volume as well as a high-energy density are of significant importance. Automotive batteries must be highly safe, robust against seasonal temperature
fluctuations, and should show sufficient fast-charging ability as well as competitiveness,
high customer acceptance, and a profitable customer acceptance. Since the EV batteries
have a high potential with regard to various parameters, an ever growing number of
automotive manufacturers are considering converting their EV batteries into stationary
applications (after their life in automotive applications). The batteries installed in the
EV have a high development expenditure and, according to their use, a capacity of more
than 80 %. In addition to the very good system package and the ever increasing capacity,
the thermal management of current EV batteries has an innovative battery management
system as well as a high system security. However, the difference in the burden is disadvantageous. While an operating voltage of less than 400 V is usual in the vehicle, a
voltage of 800 V is common in stationary applications. In addition, longer lasting peak
performance and irregular operating times are the case in stationary applications. The
life expectancy of EV batteries in stationary applications has not yet been sufficiently
researched and is therefore a further factor of uncertainty. In general, it can be summarised that EV batteries represent a very good possibility for stationary applications.
In addition to used batteries (so called B2L batteries, which will be explained in more
detail in Subsection 2.3.4), more and more car manufacturers are enabling new EV batteries for stationary applications. Figure 2.8 shows the positive and negative aspects of
used automotive batteries in stationary applications.
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Automotive application

Stationary application

Negative Aspects:

Positive Aspects:






 System package (weight/volume/size)
 Battery chemistry and electronic
components
 Greater capacity
 High system safety (vibration, crash)
 Thermal management, ambient
temperature
 C-Rate

Voltage
Peak performance (longer)
Lifetime, increasing hours of operating
Transportability

Figure 2.8: Positive and negative aspects to use of the battery in stationary systems
after their application in EVs.

The required voltage in automotive applications ranges from 250 V to 400 V, whereas
in stationary applications voltages of 600 V to 800 V are necessary. In vehicles, a lifespan of approximately 2,000 cycles (10 years) is required; in stationary applications, the
number of cycles increases up to 8,000 cycles (10-20 years). This is mainly due to the
operating hours: 16,800 h (activated) and 70,560 h (stand-by) for automotive applications versus 60,000 h - 87,360 h (activated) in stationary applications. The ambient
temperature is -40 ◦ C to + 60 ◦ C in vehicle usage and +10 ◦ C to + 30 ◦ C in stationary
applications. The C-rate of 2 C - 3 C (peak of 7 C) is common in automotive operation.
Much lower C rates (below 1 C) are required on average for stationary applications.
Further differences exist regarding the cooling concept. While automotive batteries are
actively refrigerant-cooled, some stationary batteries have a passive or active air cooling.
The usage of the EV battery cooling system is in some cases also possible. The peak
power in automotive operation is smaller than ten seconds, while the peak power in
stationary operation can hold for minutes. The weight is a decisive factor for the vehicle
use. In case of stationary storage (as long as they do not need to be portable), weight
does not matter. Regarding safety requirements, due to the automotive sectors, there
are some regulations and standards (e.g. crash, vibration, etc.) that must be observed.
In the stationary environment, the number of norms is increasing. This can be justified
by the fact that more and more home storage systems are being used. Figure 2.9 gives
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a qualitative comparison of the requirements for batteries used in the automotive and in
the stationary field.
Automotive
Stationary
Discharge Depth
Temperature range

Costs

Power Density

Safety

Energy Density

Calendrical Lifespan
Cycle Lifespan

Figure 2.9: Qualitative comparison of the requirements for the usage of li-ion batteries
in automotive and stationary applications by [28].

2.3.4

Battery 2nd Life and Recycling

After the production process, li-ion batteries are used in EVs. When their state of health
(SoH) is less than 80 %, the batteries are returned and subjected to an assessment (checking battery health and matching concept). Afterwards, the battery repurposing takes
place. Therefore, the batteries are redesigned for higher voltage, higher isolation criteria, and larger clearance distances. Furthermore, suitable batteries are integrated into an
ESS and mechanical, electrical, thermal, and signal interfaces are laid. Afterwards, these
battery systems are applicable in smart grids with optimised control strategies. After
their SoH value is less than 30 %, the batteries must be recycled because they have
irreparable faults in the electronics or cells. Therefore, B2L is a sustainable alternative
to recycling and thus EV batteries are leading to a flood of inexpensive batteries that
can provide energy storage services for households, utilities, and grid operators. These
second-life batteries will provide multiple value streams to customers and grid operators
and benefit the environment by integrating variable renewable energy and reducing the
upfront cost of EVs. From an economic standpoint, disassembling the battery into cells
and analysing them separately is uneconomical, as they increase the workload. Actual re41
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manufacturing costs range between e 25 /kWh - e 50 /kWh (according to pilot projects
conducted by NREL ) and are highly dependent on the type and state of the battery, the
scale effects, and the remanufacturing process [48]. Second life batteries must compete
with new battery technologies regarding price and performance but uncertain economic
returns make the second life business even more difficult. For this reason, more and more
automotive manufacturers are relying on the use of batteries in stationary applications
immediately after their fabrication (Battery 1st Life). Figure 2.10 illustrates the two
cases: Battery 1st Life and Battery 2nd Life.

Extending of the
product life-cycle
(sustainable recycling)
 Battery 2nd Life
Power electronics

Electrical vehicle, BMW i3

=

BMW i3 battery

=

=
≈
=

=

≈

≈

Stationary
Storage
System

Enabling of an new
market segment of
stationary
applications
 Battery 1st Life
BMW i3 battery production

Figure 2.10: Battery 1st and 2nd Life in stationary storage systems.
In the future and with a significant supply crunch, recycling is expected to be an
important factor for consideration in effective material supply for battery production
[105]. Thus, Battery 2nd Life represents a sustainable alternative to recycling. It has
been shown that the reprocessing of used batteries also entails costs (removal from the
vehicle, evaluation of the battery condition, etc.). Over the next few years, most of the
processes will be automated and the costs will be reduced by monitoring the battery
status in the first application. On the other hand, there is currently a high market
potential for the usage of new batteries. New batteries in ESSs would ensure that the
battery market is accelerated earlier and the costs for li-ion batteries can finally be
reduced. In the course of this work, the usage of both used and new BMW i3 batteries
are considered.

2.4

Conclusion

At the end of this chapter, the questions asked at the beginning will be answered shortly.
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• How is the energy storage market and how was it developed? Why do we need
ESSs?
In addition to the integration of renewable energy, the rising price of energy is
also an important factor. Through the increasing acceptance of ESSs, the share of
renewable energy and thus the current mix of different energy sources support the
demand for stationary storage solutions.
• What are the different storage technologies and what are their main properties?
Are energy storage technologies safe? Are ESSs clean?
There are many storage technologies, but electrochemical, especially li-ion systems
are gaining in importance. They offer a good compromise between technical and
economic requirements and also have a very effective energy distribution (higher
efficiency, less energy conversion processes). In addition to their environmental
friendliness and their high safety requirements, they offer a wide range of further
advantages (efficiency, life time, robustness, etc.).
• Why are ESSs important for the automotive sector? What are the differences between the automotive and the stationary sector?
In recent years, sales of EVs have increased enormously. As a result, many automotive manufacturers have in-depth knowledge of battery manufacturing. In
addition to existing batteries, they make use of the knowledge and increasingly
enter into the stationary market. While in automotive operation the range is the
most important factor, one of the main criteria in a stationary environment is the
energy density.
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Knowing is not enough, we must apply.
Willing is not enough, we must do.
– Johann Wolfgang von Goethe

Several studies show a continuous growth in the electricity surplus in Germany up
to 2050 [32]. To manage this change, ESSs are a necessary condition for the society
to continue its innovation. ESSs are closing the gap between electricity surplus and
electricity deficit. The benefit of ESSs is that electrical energy can be stored during
times when electricity production exceeds consumption and the stored energy is utilised
at times when consumption exceeds production. Instead of scaling up and down the
electricity generation, production is maintained at a more constant and economic level.
This has the advantage that fuel-based power plants (i.e. coal, oil, gas) can be operated more efficiently and renewable energy can easily be integrated. ESSs maintain a
continuous power supply to the customer without fluctuation and reduce the need for
expensive, ageing, and environmentally unfriendly fossil-fired generation plants. In addition, power quality problems may cause failures of operations or end-user equipment.
Distribution networks, sensitive industrial loads, and critical commercial operations suffer from outages and service interruptions, which can cause financial losses to both utility
and consumers. Properly engineered and implemented ESSs can provide electricity to
the customer without any secondary fluctuation or disruptions and overcome the power
quality problems such as swells, sags, spikes, or harmonics. Another reason for ESSs is
the storing of renewable energy. The sun and the wind, the two largest sources of renewable energy, are being considered for electric power production but both are intermittent
and furthermore, it is expected that the renewable energy produces a significant portion
of electric energy, in times when the energy has a low financial value (off-peak period).
ESSs can smooth out this variability and allow unused electricity to be dispatched at
a later time (peak period). This would make the renewable source more valuable, cost
effective, and reliable. This part contains the results of [120], [121], and [122].
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Application Fields for Li-Ion Batteries
ESSs based on li-ion technologies are used in a wide application area: in consumer
electronics, in the automotive and transport sector [123], and in the stationary field
[124]. The li-ion battery technology became a commercial reality during the 1970s [125].
Thus, batteries with a capacity in the range of 10 Ah - 400 Ah are now available on
the market [28]. These are particularly interesting for stationary applications. In the
following chapter, the various applications in the stationary field are explained together
with their main properties.

3.1

Stationary Storage Applications

The ESS can be sited off grid, behind the meter, at the distribution level, or at the transmission level. At all levels on the electricity system, batteries can add value to the grid.
Customer-sited and behind-the-meter ESSs can technically provide the largest number
of services to the electricity grid. ESSs not only are increasing their impact on the utility grid as a solution for stability problems but also supply sectors such as commercial,
industry, residential, or island systems (off-grid) [120] [121]. The main advantage of a
storage plant is to contribute to quality of the grid by maintaining the power at a constant
level. The main role of these ESSs is to increase the renewable penetration, to level the
load curve, to manage the frequency control, to upgrade the transmission line capability, to mitigate the voltage fluctuations, and to increase the power quality and reliability.
ESSs based on li-ion batteries are suitable for countless applications, including frequency regulation, peak shaving, arbitrage, black start, UPS, renewables integration,
EV fast charging, and optimisation of self-consumption with an integrated PV system.
Referring to distinct load patterns and varying grid connections (e.g. low-, medium-,
high-, and extra-high voltage grid connection), stationary applications can be divided
into four sections: residential, industrial & commercial, energy utility & power generating, and off grid (see Figure 3.1). To increase storage utilisation, such ESSs manage the
operation of a second or third application during inactive times of the first prioritised
49
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Residential
Frequency
Regulation

Arbitrage

Peak
Shaving
Arbitrage
Home Storage

Peak Shaving
EV-FastCharging

(Optimised Self-Consumption
with PV)

Off-Grid

Investment
Deferral

Frequency Regulation

Uninterruptible
Power Supply/
Backup Power
Island
Systems

Industrial &
Commercial

Peak Shaving

Energy Utility /
Power Generating

Frequency
Regulation
Renewables
Integration

Figure 3.1: Overview of stationary applications divided into four stakeholder groups:
residential commercial & industrial, energy utilities & power generation, and off grid [120]
[121]. The dark coloured areas represent the application “behind the meter”, whereas the
light areas show applications “at grid level”. In addition, ESSs, which perform multiple
tasks in order to increase the storage utilisation, are entering the stationary market.

application. Applications such as frequency regulation and peak shaving were found to
be suitable for multi-use in the recent work of Shi et al. [126]. In the following, each
of the four stationary application sections for ESSs using li-ion batteries is introduced
[120] [121]:

Residential: Applications from the residential section are performed on small-scale
ESSs for private use. Their size commonly varies from 4 kWh to 30 kWh. They are
connected to the low voltage network (230 V or 400 V). The basic application at the
residential field enables PV owners to store the self-generated energy and use it at a
later time for consumption. Therefore, money could be saved when the PV owner uses
the stored energy instead of expensive utility-generated power. In addition, the price to
receive energy from the grid is more expensive than the earnings for feeding it into the
grid. In winter months, when solar generation is low, the ESSs can be used for energy arbitrage [48]. Related works about residential ESSs are published in several contributions
[127] [128] [129] [130] [131] [132] [133] [134] [135] [136] [137]. Furthermore, Luthander
et al. [138] give an overview of different studies sharing quantified improvement of PV
self-consumption when the PV system is paired with a battery.
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Industrial and commercial: Applications from the industrial and commercial section are use cases introduced on medium-scale to large-scale ESSs. This means that the
size varies from 30 kWh - 100 kWh (medium-scale) to some MWh (large-scale) and the
systems are often connected to the medium voltage grid (1 kV - 60 kV). For many commercial customers, unlike residentials, the peak demand has to be paid in addition to the
energy charges. The peak demand is calculated by the highest peak demand during the
monthly billings cycle (based on a sample interval of 15 minutes) [48]. Therefore, system
integrators and manufacturers, who aim to reduce electricity costs for office buildings
and plants, are among the stakeholders of this sector. In addition to peak shaving, the
ESS is used to improve the production efficiency (especially the power quality) and to
avoid unexpected production outages (frequency hopes and voltage spikes) [48]. There
are a number of recent pilot projects from automotive OEMs (e.g. Tesla [139], Daimler [140], BMW [141], Nissan, etc.), which demonstrate the functionality of commercial
ESSs. Representative systems are presented in the works of Gohla-Neudecker et al. [141]
[142] and Merei et al. [143], which focus on frequency regulation, arbitrage, peak shaving, and EV fast charging. The black start provision application helps in the process of
restarting an electric power station or part of an electric grid.
Energy utility/power generating: Applications from the power generating section
are predominantly performed on large-scale ESSs from about 200 kWh to a few MWh.
Their link to the grid is realised through a connection to the medium voltage (1 kV 60 kV), high voltage (60 kV or 110 kV), or extra-high voltage grid (220 kV or 380 kV).
Their stakeholders are electricity suppliers, which aim to achieve maximised energy feedin while still providing reliable and economic power supply. ESSs can secure a balance of
capacity and supply, and protect the grid from stress events as well as defer transmission
and distribution grid investment and peak generation. With ESSs the building of new
cables and transformers for the increasing integration of renewables could be avoided.
Furthermore, ESSs have the advantages of fast implementation, simple scalability, and
the fact that they can be used in almost any location [48]. Applications from the power
generating section such as frequency regulation, peak shaving, and renewables integration, which also may overlap with other sections, are partially published by Nottrott et
al. [144] and Hanna et al. [145], for instance.
Off-grid: In contrast, ESSs with applications from the off-grid section enable a unit
or even an ecosystem to act autonomously and be temporarily independent from the
traditional centralised electrical grid. The ESSs are able to operate while being connected
to the grid, but also can go into an “island mode” while being disconnected. The UPS
application can predominantly be found in hospitals, electronic interlocking systems,
and computing centres. The microgrid application is performed on ESSs, which are
part of a localised group of electricity sources. The size of ESSs performing applications
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from the off-grid section varies from small-scale to large-scale systems. Furthermore,
ESSs performing off-grid applications often exist solely in hybrid battery systems. A
hybrid system presented by Moradi et al. [146] consists of li-ion batteries as a longterm storage system and a set of ultra-capacitors for short-term and real-time power
balancing. [48] delivers a further aspect for the importance of ESSs - there are about 1.3
billion people living without electricity but there are at least a billion more people with
a grid connection that is often expensive and unreliable. The fact that it is cheaper and
faster to use solar energy and store it in ESSs than to expand the network of the 21th
century provides another benefit for off-grid systems. 60 % of this population will have to
be reached off-grid, through household-level systems or mini-grids serving communities
[48].

3.1.1

Overview of Stationary Storage Applications

ESSs can improve the performance of several applications. The use of li-ion batteries in
stationary applications to complement the RESs, like PV and wind, is of great interest
to many industry players. The main role of using ESSs for stationary applications is to
increase the grid penetration levels of RESs, to contribute to the upward and downward
frequency regulation, to mitigate the voltage fluctuations, and to increase the power
quality and reliability of the power system. Stationary applications are divided into two
broad categories: energy applications, such as peak shaving, and power applications, such
as frequency regulation. Energy applications charge or discharge the ESS for periods of
hours. On the other hand, power applications involve relatively short periods of discharge
(seconds to minutes), short recharging periods, and often require many cycles per day.
For these applications, energy storage capacity, power output, and lifetime (cycle and
calendar) are key performance criteria. There is a wide variety of stationary applications
for which li-ion batteries represent suitable candidates [147] [148] [149] [150]. The most
meaningful of them are briefly introduced in the following subsections. Besides, a short
explanation of the services and the requirements that the ESS should comply are also
introduced [120] [121].

Home Energy Storage - Optimised self-consumption with PV
The home energy storage application is, as its name already suggests, one of the smallest
applications with a system size of a few kWh. This application usually involves the
connection to a generating unit such as a solar system or PV system. The optimisation
of self-consumption is one of the main drivers for ESSs in the German market. PV
coupled with an ESS can directly store excess solar electricity during daytime and use
it later at night time, which increases the self-consumption ratio by up to 60 % - 70 %
and with payback of 10 years in Southern Germany. As a result, the customers become
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independent from the grid. The trend shows that PV system prices will continue to drop
and the electricity rates to increase [48]. Due to the high costs of residential ESSs up
to e 1100 /kWh, a balance between investment and self-consumption ratio is the key
to improving the systems economics. [48].
Frequency Regulation
Frequency regulation aims to compensate deviations from the nominal frequency that
arise out of imbalances between supply and demand. The gap between power production
and consumption must be matched instantaneously and continuously [151] [33]. An
excess of generation yields an increase in frequency, while an excess of demand results in
a decrease in frequency [152]. In general, the required charging and discharging power is
proportional to the frequency deviation and is linearly increased between zero and the
maximum storage power [45]. There are at least two main reasons why ESSs represent
an attractive solution for providing frequency regulation: ESSs have a superior partload efficiency and their output can be varied rapidly [124]. There are several works
in literature that describe frequency regulation and the requirements, which imposes on
the ESS. For example, Greenwood et al. provide a case study of a frequency regulation
designed for ESSs [153], while Pandurangan et al. [154] present a comparative study
of different frequency regulation markets, such as North America, UK, and Continental
Europe. In the following, frequency regulation in Germany is focused. The TSOs (Tennet
TSO, 50Hertz Transmission, Amprion, and TransnetBW) are responsible for regulating
the grid frequency in case of a deviation of more than ± 200 mHz (tolerance band is
between 49.8 Hz and 50.2 Hz) from the 50 Hz equilibrium frequency [32]. Three types
of reserves are distinguished: primary control, secondary control, and tertiary control,
mainly characterised by the time of full availability. The primary frequency regulation
is switched on automatically in case of a deviation in the grid frequency. The response
time is 3 - 5 seconds and has to be fully activated in less than 30 seconds in order to
stop the frequency rise/drop. The minimum level of balancing power for primary control
services in Germany is ± 1 MW [33]. Here it concerns a symmetrical announcement
for the weekly participation of the primary reserve [32]. The primary reserve should
supply the grid with a full output within 30 seconds and should be able to operate
for 15 minutes [32]. Incidental primary control has some degree of freedom: Firstly,
between a duration of ± 10 mHz no frequency control is necessary and the power could
be used to charge/discharge the battery storage system. Secondly, a 20 % excess of
charging and discharging power is allowed. The C-Rate (relation of power to capacity)
generally amounts to 1.5. The units for the secondary reserve could be offline, but
still must be able to reach a full output within 5 minutes and have to operate for one
hour [32]. The tertiary reserve (activated via telephone by the transmission network
operator) has a response time of 15 minutes and is used for up to one hour or during
several disturbances for several hours [32] [124]. Stroe et al. [44], Oliveira et al. [155],
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and Mehr et al. [156] introduce initial results for how an ESS based on li-ion operates
in grid-connected applications.
Peak Shaving
During times of peak demand many utilities charge customers extra (so-called time-of-use
or peak-prices) since they have to ramp up expensive additional electricity production
to meet this demand [124]. This is the case on hot summer days, when many consumers
switch on their air conditioning systems. The size for peak shaving applications varies
between 30 kW to a few MW. Peak shaving is the smoothing of peak loads and the ESS
is responsible for buffering them. This reduces the electricity bill and the peak demand
at the distribution grid. One possibility is to shift the energy consumption to times when
prices are lower (e.g. in the middle of the night) [157]. Depending on the utility and
country, demand charges are calculated based on the highest 15 minute demand interval
of one month [48]. ESSs can be used to avoid such strategies. They store energy in
times when consumption is low and release it in times when consumption is high [42]. In
addition, ESSs let customers decide when to buy electricity and thus provide significant
savings. A. Oudalov et. al [158] provide an analysis about sizing and optimal operation
of ESSs for peak shaving application. Furthermore, A.-I. Stand et. al [45] classify peak
shaving regarding their requirements for the ESS.
EV Charging
E-Mobility revolutionising the energy sector. On the one hand, E-Mobility increases the
li-ion battery development and on the other hand, requires ESSs to charge EVs when
the grid node can no longer manage the power demand. More and more EV charging
stations are being developed, which allow users to charge EVs with shorter charging
times due to higher power levels. However, the high power requirement puts additional
pressure on the grid. With the help of ESSs, power peaks on the grid can be prevented.
In 2014, there are about 4,800 conventional charging stations and about 100 fast charging
stations operating in Germany, which are publicly accessible. In contrast, approx. 24,000
EVs were sold in the same year [33]. The number of charging stations amounts to 8,644
for 2018 [159]. The National Platform for Electromobility (NPE) wants to create a
standardised international charging system with the combined charging system (CCS).
In this case, AC chargers are intended to charge up to a maximum of 40 kW and direct
current chargers to a maximum of 300 kW.
Arbitrage
At times when power prices are low (low demand, large supply, off-peak prices), especially
during the night, the ESS stores the energy and sells or uses it in high-price periods (high
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demand, low supply, peaking prices) during the day [32]. The energy will be time-shifted
in case of arbitrage. The economic profit is the difference between the prices for buying
and selling electrical energy minus the losses during the charging/discharging scenario
of the batteries [48]. The ESS requires a reaction time of minutes, a storage power of
approximately 25 % - 75 % of the nominal power and a storage time from 12 to 24 hours
[45].

Renewable Integration
The integration of renewable energy sources into the distribution and transmission grid
is becoming increasingly important due to the changes of political goals, such as carbon
leakage. Renewable energy causes voltage and frequency fluctuations on the grid [43].
Furthermore, the predictability of renewables, such as solar and wind, depends on the
quality of the weather forecast, which in turn depends on time scale, location, and season
[42]. Thus, ESSs are an attractive solution for storing the excess power of renewables
when it is produced ready for later dispatch when it is needed.

Investment Deferral
The transmission and distribution grid experiences a growing amount of electricity demand and supply. Instead of investing a large amount into the upgrade or expansion of
the transmission and distribution gird, ESSs can delay or avoid these utility investments.
Since this scenario only happens for a few hours each year, the ESS can be readily called
upon. According to literature [48], the ESS would only be used for 20 - 60 hours each
year, and the ESS is able to deliver other applications to the grid upwards of 99 % of
the time (see Subsection 3.1.2).

Uninterruptable Power Supply/Backup Power
A UPS is an application that provides a stable power supply during a power outage. The
required performance properties for UPSs are back-up time, charging time, and lifetime.
UPS are used to ensure stable operation of network devices that support an advanced information society [160], in telecommunications [45] and in many infrastructural facilities,
such as hospitals, computer centres, and police stations [32]. Usually, back-up batteries
are infrequently charged or discharged, and remain in a fully or partially charged state
for most of their operational life [45]. Since the battery will only be called upon for less
than 1 % of the time that means that the battery is able to deliver other services to the
grid (see Subsection 3.1.2) [48].
55

Chapter 3. Application Fields for Li-Ion Batteries

Blackstart
Generally, local disturbances are within the responsibility of the distribution grid operators. However, if there is a widespread blackout, the transmission system operators
are involved. Together with the individual distribution gird operators, their task is to
stabilise the grid again with the aid of smaller island systems (which are able to blackstart-up) [32]. ESSs have the black-start capability and can go from a shutdown condition
to an operating condition without any assistance from the grid [124]. Therefore, ESSs
can be used to energise the grid in order to help other generating units that have been
started after a blackout occurs, as a sustainable alternative to diesel generators [48].

3.1.2

Mix of Applications

From a system perspective, the value of storage is the ability to provide power quality,
reliability, and security of supply. Many of the different services that batteries can
provide are not economically attractive as a standalone application. However, since a
single ESS can deliver a stack of different services, li-ion batteries can also deliver a host
of other services during non-committed hours in the main application [48].
This does not apply to all applications, and especially not to all markets. In Section 4.2 it is shown that there are significant differences in frequency regulation in Germany and New Jersey, USA.

3.2

Properties for Evaluation of Stationary Applications

Behind each of the introduced applications there is a load profile, which has to be fulfilled
by the stationary ESS. The application profiles differ with regard to various criteria (see
Figure 3.2):
• frequency describes the time until the load profile is repeated.
• time describes how long the total load profile is.
• gradient describes the rise from the last required power value to the new power
value.
• energy content describes the area under the power requirement, i.e. how much
energy the system must store or release.
• peak min/max describes the maximum and minimum value of the load profile
over the operating time.
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In addition, the load profiles from the different applications are subject to various
proceeds and market potentials.

peak max

power

gradient

energy
content
time
time
charge

peak min
frequency

Figure 3.2: Properties of a load profile.
Each profile has a different influence on the ESS and thus on the battery charateristic.
The differences of the main applications are analysed in Chapter 4.
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CHAPTER

Case Studies for Stationary Applications
In this chapter various applications are analysed. Section 4.1 gives an insight into the
properties of the main applications [122], followed by a market investigation (see Section 4.2). The behaviour of two real ESSs is evaluated regarding frequency regulation in
Section 4.3 [120] [121].

4.1

Analysing Application Properties

In Subsection 3.1.1 various stationary storage applications are introduced. Four different
use cases ( home energy storage system (HESS), peak shaving, frequency regulation, and
EV charging) are examined on the basis of a load profile analysis. From each application,
a typical load profile for the ESS is derived. The load profiles differ in terms of various
criteria, which strain the batteries in different ways and intensity. A negative power
value describes energy saving and a positive power value energy provision, respectively.
The aim is to obtain properties from the profile analysis as input for the combinatorial
approach for evaluating the system design. The load profiles shown a 7-day extract and
can only be seen as an example of the respective application characteristics. The data
comes from BMW internal measurements.

4.1.1

Home Energy Storage

Figure 4.1 shows a typical course of requested power over a week for HESSs. The
ESS will enable the customer to store their self-generated renewable energy when it is
not needed and discharge it when needed. Besides self-sufficiency and improving the
economic situation of the customer, this measure can reduce the need for over-sized
distribution grid. In a household, approximately 200 cycles per year are expected [151].
This corresponds to 0.0228 cycles per hour.
HESSs have to manage small power values. The power peak for charging and discharging is similar. The system is activated for the complete operating time. The energy
accumulator stores more energy than it releases during one week of operation. The power
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Figure 4.1: Home energy storage application [122]. Power profile over approximately one
week.
distribution is shown in Figure 4.2.

4.1.2

Peak Shaving

An example of a one week course of requested peak shaving power is presented in Figure 4.3. Typical real durations are two hours of operation, which correspond to one to
two cycles per day [151].
The ESS charges at up to 120 kW but is in the meantime around 0 kWh (see power
distribution in Figure 4.4). The system is the main time in standby mode and shows a
small gradient.
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Figure 4.2: Power distribution of home energy storage application over approximately
one week operation [122].
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Figure 4.3: Peak shaving application [122]. Power profile over approximately one week.
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Figure 4.4: Power distribution of peak shaving application over approximately one week
operation [122].

4.1.3

Frequency Regulation

ESSs can store or feed in energy in order to balance a grid area with frequency instabilities, avoiding upgrading or extending the grid. An example of this application is shown
in Figure 4.5. The tender is held symmetrically, at the same time in a positive and
negative direction, over the course of one week of operation. A quick response time is
absolutely necessary. The durations are numerous partial cycles per day.
The maximum and minimum peak are around ± 6 · 103 kW. The system is operating
the whole time and because of the symmetric tender the energy amount for charging is
equal to the amount for discharging. The power distribution (see Figure 4.6) shows a
Gaussian curve.
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Figure 4.5: Frequency regulation application [122]. Power profile over approximately
one week.
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Figure 4.6: Power distribution of home energy storage application over approximately
one week operation [122].
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4.1.4

EV Charging

E-Mobility is experiencing increasing growth, which requires an expansion of the charging
infrastructure. Figure 4.7 presents an example of a one-week scenario of EV charging.
The course depends on how many EVs are charged. Especially in public places, gridconnected charging stations with a fast charging function are suitable, which allow for
shorter charging times due to higher power levels. However, the high power requirement
puts additional pressure on the grid. By equipping the charging stations with a battery
energy system, power peaks can be absorbed and thus network loads can be countered
[33].
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Figure 4.7: EV charging application for a 50 kW charging station [122]. Power profile
over approximately one week.
The load profile for EV charging is based on a peak shaving profile and thus the
system is charging over the full time of activation. The ESS is mainly in standby mode
(see Figure 4.8).
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Figure 4.8: Power distribution of EV charging application over approximately one week
operation [122].

4.1.5

Comparison of Applications

Table 4.1 gives an overview of the properties of the four introduced applications. The
presented load profiles serve as characteristics for the respective application. Deviations
depending on the period of use (season, time of day, etc.), location, and individual
application scenarios are to be considered.
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Table 4.1: Comparison of the four application load profiles [122].
HESS

Peak

Frequency

EV

Shaving

Regulation

Charging

Application
Power
discharging
(peak max) in kW
Power charging (peak
min) in kW
Average power in kW
Operation time in s
Standby time in s
Standby to operation
time
Average gradient
Total energy in kWh
Positive energy in
kWh
Negative energy in
kWh

3

3.80

0

6.55 · 10

0

-5.68

-120.02

−6.13 · 103

-24.26

-0.2
604,800
0
0

-3.22
47,385
557,415
11.76

44.72
604,800
0
0

-0.44
40,093
564,707
0

-1.70 · 10−8
3.90 · 105
1.34

6.49 · 10−19
1.95 · 106
0

-0.004
6.95 · 108
3.61 · 108

3.64 · 10−8
2.66 · 105
0

2.56 · 105

1.95 · 106

3.34 · 108

2.66 · 105

HESSs show the smallest power value. Peak shaving and EV charging applications
operating mainly in charging mode. The ESS must be discharged to balance the system
for further operation. For this purpose, the high standby times can be used. The
peculiarity of frequency regulation is the symmetrical operation, which explains the
same amount of negative as positive energy.

4.2

Applications Influenced by Different Markets

In this section two use cases (peak shaving and frequency regulation) are discussed using
the examples of Germany and New Jersey (PJM territory). Peak shaving works similarly
in both cases, only the financial statement is different. In Germany, the billing is annual,
while in New Jersey (PJM territory) it is monthly. This makes a considerable difference
for the profitability calculation but not for the technical implementation. However,
there are some differences in frequency regulation. Table 4.2 provides an overview of the
situation with regard to frequency regulation in Germany [161] [162] and in the PJM
territory [163] [164]. In Germany, the population is 30 % higher than in the PJM area.
Nevertheless, the annual electricity demand in the PJM territory is 200 TWh higher.
This means that significantly more electricity is consumed per person. The annual
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peak load is even twice as high [165]. This can be explained by the enormous cooling
demand (air conditioning, swimming pools, refrigerators, etc.) in the summer months.
In Germany, frequency regulation is based on a local frequency measurement [166], while
in the PJM territory a signal generated by the PJM itself must be used [163]. A further
decisive difference is the offer size: While in the PJM area the regular market can be
participated in 100 kW steps, the minimum requirement of 1 MW is possible in Germany.
In addition, the tendering time differs: 1 hour in the PJM area and 1 week in Germany.
The PJM territory allows for a greater degree of freedom: Every 5 minutes it can be
decided if and with how great a contribution the ESS should participate in the regular
market. In the PJM territory, the operator is only excluded after a longer delivery stop
(performance of 100 h is less than 40 %). In addition, there are different calculations
of the remuneration. If the system is awarded the contract, the operator receives the
bid price in Germany. The bidder receives the uniform market price (multiplied by the
system performance) in the case of the PJM territory. However, the average hourly rate
is currently comparable in both countries.
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Table 4.2: Comparison of the four application load profiles [165] [166] [163] [164] [161]
[162].
Germany

PJM territory

81 million
357,375 km2
600 TWh

61 million
630,447 km2
792 TWh

80 GW
578 MW

165 GW
525 MW (off-peak-hour)
800 MW (peak-hour)
100 kW (100 kW steps)
hourly
uniform market price
$ 15.50 /MWh (RegA)

Properties
Population
Area
Annual electricity
sumption
Annual peak loads
Market size

con-

Min. product size
Billing
Market price
Average
remuneration
(2016)

1 MW (1 MW steps)
weekly
offer price
e 14.68 /MWh

Delivery stop

No.
Network operator
can exclude system or demand new prequalification
in case of non-delivery.

Method

Frequency measurement
on the system.

Degree of freedom

frequency-dependent
possibilities (dead band
utilisation, 20 % overfulfilment,
schedule
business
30 minutes criteria
Two times positive and
two times negative load
profile over 15 minutes.

Special requirements
Prequalification

68

$ 18.26 /MWh (RegD)
Yes. If the system delivers less than 25 % or performance is less than 40 %
over 100 h, then no remuneration is given.
PJM sends a regulation
signal (RegA, RegD) every
2 seconds.
change of the regulation
center every 5 minutes allowed

no specific
Self-test with 40-minute
signal. Live test of 1 h
from real signal. More
than 75 % performance is
required.

4.3
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It is expressly stated that an application can have most different characteristics depending on the usage market and the underlying network operator. Since no high fines
are imposed for non-compliance in comparison to German frequency regulation, the ESS
can be used for this purpose during periods in which another application achieves a higher
remuneration in the PJM territory. Due to the degree of freedom and remuneration of
frequency regulation in the PJM territory, the use of ESS in multi-use applications is
economically viable. A technical evaluation of multi-use applications was not further
investigated in this work.

4.3

Application Analysis on two real Systems

Two medium-sized stationary ESSs of 55 kW and 120 kW, built from repurposed BMW
i3 batteries, comprise the basis of this case study. This section focuses on the operational behaviour of the two systems for a frequency regulation application. A new
analysis method for assessing system and battery pack behaviour is presented. In detail,
the two topologies are assessed in terms of their characteristics for load profile, load
response, current, state of charge, temperature, and system performance. The systems
differ both in their type of housing, which influences cell temperature, and system architecture, which affects system performance. In literature, there is a variety of stationary
applications, which describe operating behaviour and strategy of ESSs by varying size,
architecture, and cell technology [167] [168] [169] [170] [171] [150] [172]. For instance,
Luo et al. [173] and the recent work of Hesse et al. [174] give a comprehensive overview
of possible ESS applications and their characteristics. However, almost all works mainly
focus on the comparison of various storage types involving li-ion batteries, fuel cells,
super capacitors, and others. Their approaches, if based on li-ion batteries, often give
a qualitative assessment about ESS operating characteristics. A few other works give
insights about challenges of developing a real stationary ESS [175] [176] [177]. In this
case study a quantitative operational assessment of two real medium-sized ESSs with
respect to load profile, system response, current, state of charge (SOC), temperature,
and system performance, is provided. The operational assessment is based on frequency
regulation, a highly promising application that appears to be both technically mature
and economically attractive [178] [179].

4.3.1

Load Profiles and System Framework

Load profile 1 in Figure 4.9 (a) is translated from the real time frequency measured at an
office building in Munich, where one of the two stationary ESS considered in this study
is connected. Load profile 2 in Figure 4.9 (b) is a synthetic load profile generated by a
simulation tool (used in the previous section for analysing the market influence and the
multi-use scenarios) for stationary ESS at BMW. Load profile 2 is based on the German
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standard load profile of the year 2013, which is shrinked and scaled to a one-week duty
cycle test aligned with the 120 kW sized system. The load profile of Test System 1 has a
resolution of 1 s, while Test System 2 has a resolution of 11 s. To conclude, the frequency
regulation load profiles can be characterised in terms of peak and base load, their ratio to
each other and accumulated electricity demand. The concluded characteristics describe
the typical load pattern of frequency regulation and are summarised in Table 4.3. Peak
charge and discharge load, base load, their respective ratio to each other, the requested
energy amount, and the number of equivalent full cycles per week is given for load
profiles 1 and 2. The system behaviour is investigated using typical frequency regulation
load profiles from the German market.
Table 4.3: Frequency regulation load profile characteristics [120] [121].
Profile 1

Profile 2

37.58 kW
-44.54 kW

50.13 kW
-68.85 kW

4.39 kW
0.12
0.10
0.6306 MWh

8.35 kW
0.17
0.12
1.0833 MWh

5.73 EFCs per
week

6.15 EFCs per
week

Properties
Peak charge load (P Lcharge )
Peak
discharge
load
(P Ldischarge )
Base load (BL)
Absolute |BL/P Lcharge | ratio
Absolute |BL/P Ldischarge | ratio
Total
requested
energy
R
amount abs(P )
Equivalent full cycles (EFC)

Figure 4.10 presents two commercial medium-sized test systems based on repurposed
EV batteries. The main characteristics of the two systems are outlined below. Both
systems have a fully integrated direct refrigerant cooling system for the battery packs
next to the active air cooling of the power electronics. For comparison reasons and in
order to observe self-heating, this direct cooling system is deactivated.
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(a) Realtime load profile 1.
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Figure 4.9: Selected German frequency regulation load profiles for a one week duty cycle
[120] [121].
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Test System 1
55 kW / 176 kWh (110 kWh used for tests) system
located in Munich, Germany

Test System 2
120 kW / 176 kWh system located in Woodcliff Lake,
NJ, USA

Figure 4.10: Photograph of Test System 1 (55 kW/110 kWh) and 2 (120 kW/176 kWh)
[120] [121].

55-kW System in Germany: The first stationary second-life ESS is a 55-kW container system, with a total energy content of 176 kWh (110 kWh used), comprising five
reused 60 Ah and two new 94-Ah li-ion batteries, arranged in four strings of one or two
battery packs connected to a bidirectional DC/DC converter. The first two strings, each
consisting of two 60-Ah battery packs, are connected in parallel to a single bidirectional
DC/DC converter. String three comprises two 94-Ah battery packs, battery 3 and 4, connected in parallel to another DC/DC converter, however this string is deactivated for the
tests of this work. A fourth string with one single 60-Ah battery pack (battery 5) with a
dedicated DC/DC converter exists. All strings are connected to a DC/AC inverter. The
connection to higher grid levels is enabled through a connection to a transformer in order
to guarantee voltage stability. For the tests, the power electronics are actively cooled
with air. Further technical parameters and system features are also presented in [141],
where Test System 1 was introduced as Europe’s first second-life stationary ESS. The
system contains a simple control strategy, which distributes the power equally to each
string. Thus, battery 5 has to handle twice the power compared to the other batteries.
120-kW System in New Jersey, USA: The second stationary ESS is an open-space
120 kW test system, installed outdoors with a roof and glass panel covering the battery
backs. The total capacity of Test System 2 is 176 kWh. The system consists of four
strings of eight repurposed 60 Ah battery packs. Each battery is connected to a 15 kW
DC/DC converter and two of these units are connected to a 30 kW DC/AC inverter.
The connection to the higher grid level is again enabled through a transformer. The
power electronics of Test System 2 are actively cooled with air like for Test System 1.
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All system components and characteristics of Test System 1 and 2 are summarised in
Table 4.4.
Table 4.4: Comparison of installed components of Test System 1 and 2 [120] [121].
Properties

Test system 1

Test system 2

Nominal Power
Energy capacity
Power-toenergy
ratio
(P:E)

55 kW
176 kWh [110 kWh for tests]

120 kW
176 kWh

1:2

1:1.39

5 x 60 Ah BMW i3
battery packs
2 x 94 Ah BMW i3
battery packs [disabled f.
tests]
4 x DC/DC converters
2 x 48 kW
2 x 24 kW
1 x 55 kW DC/AC inverter
direct refrigerant (packs) [disabled f. tests]
actively with air (PE)
closed container

8 x 60 Ah BMW i3
battery packs

Energy source

Power
electronics
(PE)
Cooling
system
Housing
type

4.3.2

8 x 15 kW DC/DC
converters
4 x 30 kW DC/AC inverter
direct refrigerant (packs) [disabled f. tests]
actively with air (PE)
open-spaced construction
with roof

Evaluation of both Systems

During one week of a frequency regulation duty cycle, data is logged with a resolution of
1 s and 10 s for Test Systems 1 and 2. The generated CSV log files consist of 604,800 and
56,600 entities, respectively. The systems collect and process 120 and 300 parameters
concerning the battery, power electronics and overall system variables in each case, which
serve as the basis for analysis in the following. Furthermore, functional tests right before
and after the frequency regulation service are not considered in the operational analysis
and therefore the evaluated data only cover six days.
System Power Response: Load profile 1 is applied to Test System 1 and load profile 2
to Test System 2. Figure 4.11 and Figure 4.12 show a 15-minute excerpt of the requested
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and supplied power, which is saved with an accuracy of ± 1 W for Test System 1 and
± 10 W for Test System 2, respectively. Both power curves show the highly dynamic
behaviour of the frequency regulation application. Within one minute of service, various
charge or discharge events are noticeable. Both systems manage to fulfil the requested
power service, albeit with a delay between the requested and supplied power due to
system inertia. For Test System 1 the sampling time amounts to less than 4 s, whereas
Test System 2 is slower with a sampling time of less than 11 s. The time offset of Test
System 2 is partially due to the lower data logging resolution.

Power Request
Power Supply

Power in kW

10

5

0

-5

time (15 minutes)
Figure 4.11: Requested vs. supplied power of Test System 1 of a 15-minute sequence
highlighting system inertia [120] [121].
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-10
Power Request
Power Supply

Power in kW

-15
-20
-25
-30
-35
-40

time (15 minutes)
Figure 4.12: Requested vs. supplied power of Test System 2 of a 15-minute sequence
highlighting system inertia [120] [121].

Characteristic Current Distribution: The current of each of the installed batteries
is logged with an accuracy of ± 100 mA. They are illustrated through histogram plots.
Figures 4.13 and 4.14 present battery current over frequency, i.e. how often this current
occurs during one week of the frequency regulation service. Both figures show rare
currents of maximum 20 A, which equals a 1/3 C-rate, when referring to a nominal
battery capacity of 60 Ah. The average C-rate amounts to 1/5 C. The control strategy
of Test System 1 equally distributes the power to each string. Consequently, battery 5
with the dedicated DC/DC converter, has to supply twice as much as the other batteries,
resulting in higher currents (see Figure 4.13). However, for about 50 % of the time, the
battery current is between ±2 A for both systems.
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Figure 4.13: Histogram of current distribution of all battery packs of Test System 1 [120]
[121].

38.91
HVS1 Current
HVS2 Current
HVS3 Current
HVS4 Current
HVS5 Current
HVS6 Current
HVS7 Current
HVS8 Current

Dwell time in %

34.58
30.26
25.94
21.62
17.29
12.97
8.65
4.32
0.00
-20 -16 -12 -8

-4

0

4

8

12 16 20

Current in A
Figure 4.14: Histogram of current distribution of all battery packs of Test System 2 [120]
[121].
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During the remaining time, the currents are distributed among values of ± 2 A to
± 20 A with decreasing frequency over growing current values in both directions for both
systems. Furthermore, the utilisation, i.e. the share of operating hours with currents
different from zero, amounts to 68 % and 85 % for each test system, after plotting the
current distributions with more bins and higher resolution. For applications with more
idle time, such as peak shaving, this percentage should turn out lower.
Characteristic SoC and Temperature: Figures 4.15 and 4.16 show the respective
SoC and temperature curves with a resolution of ± 0.1% for SoC and ± 1◦ C for temperature. The batteries cycle within SoC swings of 5 % to a maximum of 30 % per significant
trend change in the charge or discharge direction. On Test System 2, there are regular
idle times, where the frequency regulation function is disabled for a preconfigured balancing (recharging) procedure. This control feature of Test System 2 especially becomes
apparent in the SoC curves of Figure 4.16 at the top, indicated by several peaks in the
curve progression, such as in the night of January 29th, 2017. The temperature fluctuates
within 12 ◦ C - 15 ◦ C of absolute temperature change during the full week, whereby the
temperature change during a day accounts to about 5 ◦ C for both systems. In terms of
system design, the implemented cooling system should be able to manage this degree of
temperature change. The average temperature values show, that one system is operated
during winter and the other during summer time. The temperature difference between
each of the battery packs is normally within ± 1-2 ◦ C and a maximum of ± 5 ◦ C. The
different types of housing further accentuate this trend based on varying insulation and
therefore are dependant on ambient temperature. The temperature increase is especially
steep at default temperatures higher than 15 ◦ C. Furthermore, the temperature does
not drop to critical temperatures below zero, where there would be the risk of lithium
plating, which is detailed in a work by Wandt et al. [180].
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Figure 4.15: SOC (top) and temperature (bottom) of battery 1, 2, 5, 6 and 7 of Test
System 1 [120] [121].
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Figure 4.16: SOC (top) and temperature (bottom) of battery 1, 2, 3, 4, 5, 6, 7 and 8 of
Test System 2 [120] [121].
78

4.3

Application Analysis on two real Systems

Concluded System Efficiency: Along with the discussed system inertia (see paragraph about system power response), performance maps represent an instrument to
evaluate system performance. The system performance can either be identified through
measuring the performance map or can be derived from individual efficiencies of all installed system components, commonly given in technical data sheets. In order to estimate
the system efficiency of Test System 1, a performance map is created by measuring one
string. For Test System 2, the performance map is obtained from the power electronics
data sheet. A performance map contains the efficiency over power values. Figure 4.17
presents a histogram of efficiency over frequency of Test System 1 and 2, i.e. how often
the system operates in the respective efficiency. Test System 1 has a broader efficiency
distribution than Test System 2, which mainly operates in efficiencies of 80 % - 82 %.
The average efficiency of Test System 1 and 2 is found to be 82.31 % and 81.25 %,
respectively. Another indicator, which is used for system evaluation, is the ratio of requested to supplied energy, i.e. a function for the functional fulfilment, by taking into
account the start and end energy content of the system. Looking at the requested energy
amount from Table 4.5 and a supplied energy amount of 0.6250 MWh and 1.0000 MWh,
the ratios of Test System 1 and Test System 2 are found to be 98.77 % and 94.32 %,
respectively. The lower value of Test System 2 can be explained by the abovementioned
balancing times.

79

Dwell time in %

Chapter 4. Case Studies for Stationary Applications
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15.45
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7.72
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(a) Efficiency distribution of Test System 1
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Dwell time in %
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(b) Efficiency distribution of Test System 2

Figure 4.17: Efficiency distribution showing the calculated dwell time over all determined
system efficiencies during one-week duty cycle. The efficiency is determined through
efficiency estimations measured on the system and information from data sheets [120]
[121].
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Both stationary ESSs manage to proficiently fulfil the requested power service. The
described frequency application runs smoothly on both presented test systems without
any outages. The measurement system saves all measured parameters with a resolution
of 1 s for Test System 1 and 11 s for Test System 2. Thus, a resolution of a few seconds
is recommended in order to sufficiently depict the highly dynamic frequency regulation
load pattern and to meet the 30-second-rule as one of the primary control reserve requirements. In conclusion, a similar operational behaviour is identified for the conducted tests
on the two different systems. A summary of all operational characteristics of frequency
regulation is given in Table 4.5.
Table 4.5: Operational characteristics of frequency regulation on ESSs based on Li-ion
batteries [120] [121].
Properties

Frequency regulation

Utilisation
C-rate (maximum, average)
SOC swing (significant trend change)
Temperature swing (significant trend change)
Estimated system efficiency (maximum, average)

68-87%
max. 1/3 C, ø 1/5 C
5-30%
12-15◦ C during half a day
94%, 82%

Referring to battery degradation, the load characteristics are found to be rather mild
and minimally stress the battery cells. Therefore, calendar ageing is estimated to account
for the major share of battery ageing. Still, considerable experience can be gained and
learned through the operation of the test systems for future optimisation concepts, such
as changes to the operation strategy and extending the performed application to a multiuse application. A joint operation of frequency regulation and peak shaving referring to
the recent work of Shi et al. [126], shows more savings through the parallel operation of
two combined applications. Furthermore, more experience and a heterogeneous control
strategy are needed to avoid an asymmetric ageing caused by inherent temperature
gradients of the battery packs. It is recommended to operate the systems with an active
cooling system for temperatures above 25 ◦ C to reduce li-ion cell ageing to a minimum.
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CHAPTER

Conclusions for Stationary Applications
Li-Ion batteries are popular in consumer electronics, in the automotive sector and in the
transport sector. Based on the growing acceptance of E-Mobility, new and second-life
li-ion batteries from EVs are promoting synergy between the automotive and stationary
sectors. This part of the thesis gives a supplementary overview of the four main stationary application fields: residential, industrial & commercial, energy utilities & power
generation, and off grid. These four sectors differ primarily in the size of the required
ESSs and their two options either to be autarchic or to connect the system to the distribution or transmission network. The most common applications will be introduced
briefly: Home energy storage systems, frequency regulation, peak shaving, EV charging, arbitrage, renewable integration, investment deferral, UPS, and blackstart. In the
meantime, multi-use scenarios are also conceivable both technically and economically.
Behind each application there is a load profile, which can be described on the basis of
criteria such as its power peak (minimum and maximum), the gradient between two
power values, the total energy content, time horizon, and frequency characteristic. The
most important applications (home energy storage systems, frequency regulation, peak
shaving, and EV charging) are analysed in relation to these properties. In addition, two
different markets are evaluated regarding frequency regulation. The same application is
subject to differential requirements and is therefore implemented in different ways for
Germany and the PJM territory. On the basis of this analysis, it is more worthwhile to
establish a system for multi-use application in the PJM territory. By being able to offer
hourly service to the market, the system is much more flexible and allows for several
lucrative applications to be covered. Another advantage is the possibility to stop the
delivery without high penalties. In a combination of use cases, for example, frequency
regulation could be provided on a permanent basis and the system could at the same
time be available for peak load reduction or other network services.
In a further investigation, a quantitative operational assessment of two real mediumsized ESSs with respect to load profile, system response, current, SoC, temperature,
and system performance is provided. The operational assessment is based on frequency
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regulation, a highly promising application that appears to be both technically mature
and economically attractive. In addition to the influence of the system architecture, the
evaluation suggests more effective control strategies to attain maximum system performance and minimum battery cell degradation. Moreover, the tests conducted on the
ESS prototypes provide ideas for improvements in terms of optimised concepts for system design, measurement, control, and cooling system for future ESSs. In the further
course of this work, the topic of system architecture and control strategy will therefore
be examined more closely.

84

Part II
System Design
for Stationary Energy Storage
Systems

85

Design is so simple,
that’s why it is so complicated.
– Paul Rand

An increasing global interest in clean energy alternatives requires new concepts for
local storage of electricity. This has led to new research demand regarding suitable system architectures based on HV batteries from EVs. In this part, the fundamentals of
the connection of an EV battery to the grid, a new method for evaluating stationary
system architectures, and a combinatorial approach to find a suitable system design are
described.
In Chapter 6, the basic concepts of building stationary ESSs and requirements from
battery, power electronics, and grid are introduced. In addition, a brief digression into
the history of the development of system architectures based on EV batteries is given. In
Chapter 7, an overview of system topologies for the use of new and second-life batteries
extracted from EVs in stationary applications and their underlying system components
are presented in detail. The practical part for system architectures is summarised in
Chapter 8, which contains the evaluation of the three most suitable system architectures
for ESSs. The assessment focuses on the selected system architectures and the system
efficiency, which is mainly influenced by the power electronic components. This is followed by an analysis of different levels of parallelisation (see Section 8.1) and an energetic
evaluation (see Section 8.2). A sensitivity analysis is included to show further distinctions in criteria such as volume, weight and cost. In the last Section (see Section 8.5), a
combinatorial approach to design the most cost-effective solution is outlined. Depending
on the selection of the load profile, or rather the stationary application behind it, a different design solution for the system architecture with a varying number of components
(of several capacities) and interconnections is chosen. The main results of this part are
summarised in Chapter 9. This part contains the results of [122] and [181].
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Background on System Design
Realising the potential of EV batteries for stationary energy storage applications calls
for the development of suitable system architectures that will enable the connection of
the batteries to the transmission and distribution grid. Firstly, the challenges of the
development concept of battery connection to the grid and the underlying requirements
of the EV battery, the grid, and the power electronics, as a link in between, are discussed
in more detail in the following sections. The chapter concludes with a brief review of
the history of the EV battery (its changes from module to pack usage) and leads to the
next chapter (Chapter 7), which introduces three system topologies.

6.1

Problem Description

The previous part (see Part I) gives a list of possible applications for stationary ESSs.
Therefore, a suitable system architecture should be found in this chapter. The question of
how the BMW i3 EV battery should be connected to the grid conceals further questions
such as:
• To which grid voltage should the battery system be connected? (see Section 6.2)
• Are changes made to the battery? What kind of requirements does the system
have to meet? [see Section 6.3
• What is the history of the EV battery? (see Section 6.4)
• Which properties are important for ESSs? (see Section 6.5)
• Which components are required for the system architecture and what are their
advantages and disadvantages? (see Chapter 7)
The first four questions will be answered in this chapter. The last question will be
discussed in detail in Chapter 7. The main task is shown in Figure 6.1.
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System:

How to connect the EVbattery/batteries to the lowvoltage grid?

Grid

Batteries
Figure 6.1: Connection of a BMW i3 EV battery to the grid. Power components are
required for power conversion and connection to the grid. Which components and how
they are connected is the main task of Part II.

6.2

Assumptions for Grid Connection

In general, the grid differs in transmission and distribution networks. In the transmission
grid (extra-high voltage grid), electricity is transported over long distances and in the
distribution grid, the electricity is passed on to the consumers. In the distribution grid,
a distinction is made between the high, medium, and low voltage levels [182]. The
following list [183] describes the different grid levels in more detail.
• Extra-high voltage grid: 220 kV or 380 kV (grid length 35,000 km)
The extra-high voltage grid is used for large power plants based on coal, gas, or
uranium, which are mainly fed into offshore wind turbines. The generated energy
can be transported over a long distance.
• High voltage: 60 kV or 110 kV (grid length 77,000 km)
The high voltage grid is used for the primary distribution of electricity. Power
is transmitted via the high voltage grid to transformer substations in population
centers or to large industrial companies.
• Medium voltage: 1 kV to 60 kV (grid length 479,000 km)
The medium voltage grid distributes the electricity to regional transformer substations or directly to large facilities such as hospitals or factories.
• Low voltage: 230 V or 400 V (grid length 1,123,000 km)
The low voltage grid is used for fine distribution of the electricity. The low voltage
grid serves private households, small industrial companies, commercial enterprises,
and office premises. The low voltage grid distributes the power to end users. In
this area, there are a large number of regional and municipal grid operators.
In all countries around the world, long-term energy security of supply is a major
challenge. The global energy transition means for the grid either expansion to be able to
integrate renewable energy sources or implementation of measures for energy efficiency.
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Stationary ESSs are a possible solution for both of these issues. The requirement profiles
placed on such systems can be assigned to different time scales: short-term fluctuations
in the power grid and intermediate storage in the range up to several hours [32] [28].
In order to be able to feed into the medium- or high-voltage network, the required
standards and laws must be complied with and, in addition, a suitable transformer for
voltage transformation in the higher range must be used. Systems of less than 1 MWh
are the main focus in this work. The connection to the low-voltage grid is monitored as
a criterion for grid connection throughout the remainder of the work.

6.3

System Connection

It is assumed, that the battery for the ESS is based on the BMW i3 battery with a
voltage of 400 V DC. 1 It is assumed that no hardware or software changes should be
done on the battery side. Therefore, the simplest way might be to connect the battery
to the distribution grid with a DC/AC inverter, as is the case with PV systems, for
example. F. Jenni et al. [184] state that the maximum output voltage of a DC/AC
inverter depends on the intermediate circuit voltage. The maximum modulation index
Mmax that can be achieved by overmodulation is 1.155 [184]. However, basic frequency
clocking, based on the drive control technique, can provide a degree of modulation of
Mmax =

4
≈ 1.27.
π

(6.1)

This means that the effective sine voltage UAC, eff generated by the DC/AC inverter,
at a DC-link voltage Ud of 400 V (corresponds approximately to a fully charged EV
battery), has a maximum of

UAC, eff

√
√
3
Ud
3
400 V
= √ · Mmax ·
≈ √ · 1.27 ·
≈ 311 V.
2
2
2
2

(6.2)

The effective voltage in the network Ugrid, eff is
Ugrid, eff =

√

3 · 230V ≈ 400V.

(6.3)

According to Equation 6.2, to generate this sinusoidal voltage, a DC-link voltage of
at least

Ud = 2 ·
1

UNetz, eff ·
Mmax

√
√2
3

·2≈

400 V ·
1.27

The derivation for this assumption is given in Section 6.4.
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is necessary, which significantly exceeds the maximum voltage of the HV EV battery.
For this reason, it is not possible to directly connect a 400 V HV EV battery with an
DC/AC inverter to the European three-phase 400 V (low-voltage) grid. This leads to the
conclusion that in addition to the DC/AC inverter further power electronic components
are required to vary the voltage either at the DC or AC side.

6.4

History of ESS - from battery module to pack

The term B2L, also known as battery second use (B2U) [185], is interpreted differently
today than it was a few years ago: Initially, it was assumed that the EV battery, which
is developed and produced exclusively for the automotive application, is removed from
the vehicle at the end of its life (with 70-90 % SoH). After removal, the battery is
further disassembled into its individual parts and their function is checked and repaired,
if necessary. Subsequently, the battery is assembled together with other battery modules
into a new battery pack with new electronics, so that the battery has a higher voltage
level (≈ 800 V) and can be put into steady state operation directly in conjunction with
a DC/AC inverter, available on the market. The detailed process of first life to second
life of EV batteries and responsible stakeholders is shown in Figure 6.2, where the key
parameters are listed per phase [186].
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BATTERY 1st
LIFE

BATTERY
RETURN

BATTERY REPURPOSING

BATTERY
ASSEMBLY

BATTERY
2nd LIFE

Use of li-ion battery
in EVs.

Removal and
collection of
batteries from the
EVs.

Disassembly of
batteries, checking of
system functionality,
screening, repair,
matching, preparation
for system integration.

Assembly of battery
units and suitable
power electronics
into new system
configuration.

Use of battery in
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applications.

Focus on:
- Removal process
- Return criteria

Focus on:
- Integration concept
- Screening
procedures
- Diagnostic
capabilities

Focus on:
- Technology
selection
- Design
- System size &
package
- Battery
Management

Focus on:
- System
architecture
- Additional
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- Sales concept

Focus on:
- Control strategy
- Service
application
- Design
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EV OEM
3rd PARTY SERVICE PROVIDER
SYSTEM INTEGRATOR
SYSTEM OPERATOR
CUSTOMER

Figure 6.2: Battery value chain by [186]. After the use of EV batteries in the automotive
application, they are removed from the EV, disassembled and receive a functional check.
The next step after repurposing is the battery configuration to new units consisting of
battery modules of minimum two batteries to reach a higher voltage range (≈ 800 V).
The process concludes with a second use of the batteries in stationary applications.
Starting with the OEM and their suppliers as stakeholders, the system integrator takes
over the middle part of the process. The end customer is the final stakeholder of the
stationary ESS, whereby the customer varies depending on the application.
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The advantage of this method lies in the simple connection to the DC/AC inverters,
available on the market. The EV battery is disassembled into its components: modules,
storage management electronic (SME)/BMS, safety box (s-box), and cell supervision circuit (CSC). However, disadvantages are the high development expenses and costs. In
addition to the development of new electronic components for the higher voltage range,
a matching strategy must be designed, which assembles the modules of similarly aged
batteries to a new battery system. The changes to the battery invalidate the certification, which confirms the safety of the component. The main challenge arises with the
remodelling itself, especially with the integration in a stackable housing.
Meanwhile, this challenge can be avoided and the term battery second life is understood to mean that no changes to the EV battery are made and the battery can be used
(plug and play) as it is without any hardware or software changes (see Figure 6.3). Thus,
the certification is preserved and there are no further development costs for new internal
battery electronics. However, research has to be done to find system architectures, which
allow the plug-and-play use.
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Module concept:
Series connection of two 400 V
BMW i3 battery modules.

History of ESS

Pack concept:
Series or parallel connection of n
400 V BMW i3 packs.

Benefit:
+ Simple usage of standard power
electronics
Detriment:
- Battery electronics are not
designed/qualified for 800 V
- Battery changes necessary
- Battery certificate expire
- Matching concept extremely
complex

Benefit:
+ No changes to the battery concept
+ Certified safety system
Detriment:
- Research for plug & play
concept necessary

CSC

From module
to pack.

S-Box
SME/BMS

Module

Cell

Figure 6.3: The development from battery module to battery pack. In the beginning
of B2L, the used batteries are disassembled into their elements, matched with battery
modules of the same ageing characteristics and assembled with specially designed electronic components to new battery packs of higher voltage range, meanwhile, the term
B2L is understood as “plug and play” of the used EV battery packs.
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Another conceivable approach is to enable the battery for the stationary market
beginning with the development phase. However, this means the development of two
products is necessary: on the one hand the vehicle battery and on the other hand the
battery for stationary use. Of course, this generates high development costs and will not
be considered further in this work.

6.5

System Requirements

The development of norms and standards takes place on different levels (national, European, international) and by different organisations. An overview of the current roadmap
and norms is summarised in [187]. In this section, the focus is on giving an overview of
the most important requirements for stationary ESSs. Together with requirements listed
in the book [83], Table 6.1 gives a summary of system requirements. Depending on which
application and under which conditions the ESS should operate some of these criteria
are more important than others. The parameters can be classified into quantitative and
qualitative properties and some of them are mainly relevant during operation.
• System Properties:
The use of stationary ESSs in urban areas requires a space-optimised system design. If the system should be transportable, system weight and size are important
evaluation criteria. Depending on temperature influences, a suitable housing must
be selected. The efficiency is calculated by the losses of the system components,
cooling, and control unit. Depending on the mode of operation different system
efficiencies result.
• Physical Properties:
These properties describe the physical design of the system. Especially, the battery has to fulfil many requirements such as energy density, power density, cycle
stability, and a high charging and discharging power. These criteria are mainly
influenced by the battery internal circuit and construction.
• Safety:
Safety is a further objective in system architectures during downtimes as well as
operating hours. Isolation defects can cause uncontrolled fault currents that are
high enough to endanger lives, cause fires or other property damage. Therefore,
a sufficiently large insulation resistance is necessary. The insulation monitoring
concept of the EV battery should be retained. A protective cover is an obligation to
preserve people from considerable injuries. To protect the system against leakage
currents, a galvanic isolation is required. For certain interconnection variants,
attention must be paid to the grounding concept. It is also important to hedge
short circuit scenarios.
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6.5
System Requirements

Table 6.1: Overview of system requirements. The requirements are clustered in system
properties, physical properties, safety, life time, sustainability, economy, and further
criteria.
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• Life Time:
A robust and reliable operation can be ensured by an efficient electromagnetic
compatibility. Li-ion batteries have the capability of balancing at certain times
to compensate charge differences. In order to maximise the life time of the system, both ageing-friendly storing and efficient operating must be observed. Low
downtimes and maintenance work further increase the system stability. For example, systems in which the complete system fails if one unit fails are classified as
unreliable.
• Sustainability:
From the manufacturing on, the product life cycle of li-ion batteries and therefore
stationary ESSs has to be sustainable. The system is used for a sustainable reason
and the disposal also has a sustainable focus.
• Economy:
One of the most important requirements is the economical aspect. The ESS should
underlie low investment, low operation, and of course low maintenance costs.
• Further Criteria:
Further properties regarding the system design are the possibility of parallelisation
and the risk factor. Parallelisation describes the flexibility to scale the system
variably in case of system upgrades and planning. The operating behaviour differs
in times of full load or partial load. Experience with system integrators or power
electronic manufacturers can be introduced as a further property, thus indicating
a risk factor in the evaluation of the system design.
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The breadth of stationary applications requires that the system architectures must be
deployable from small systems, consisting of only one battery unit, up to large-scale
systems. Moreover, both used (B2L) and new batteries should be considered as a costeffective way of enabling the grid of the future [41] [42] [43] [45] [44] [46] [47] [48].
Realising the potential of EV batteries for stationary storage applications calls for the
development of suitable system architectures that will enable the connection of the batteries to the grid. These architectures need to meet the requirements of the application
in terms of capacity, power ramp rates, operating time, regulations, and at the same
time optimise volume, weight, cost, and efficiency to make the application economically
viable. Currently, in the majority of pilot and industrial solutions (BMW Group [141]
[142], Tesla [139], Daimler [140]), architecture selection is effectively done ad hoc based
on commercially available components and concentrating on the optimal cell interconnection [188] [189]. The resulting architectures are thus often under- or over-provisioned
for the application in question. Other focuses of research include the development of new
power electronic components, e.g. DAB [190]. For example, the connection of the battery
with DC/DC converters and DC/AC inverters is presented in [191][192][193]. Similarly,
[194] [195] show the same architecture for second life batteries. The parallelisation of
multiple smaller power electronic components instead of one huge unit [196] and their
influence on system efficiency as well as the power losses of each component [197] [198]
are two possibilities to evaluate system architectures. The optimal control strategy for
the power electronics and the optimal power flow 1 during operation is a further research
field, which is analysed by Graditi et al. [199] and is presented in Part III. To the best
of the existing knowledge, there is no established systematic procedure for comparing
the relative merits of different architectures and assessing their attractiveness for specific
stationary storage applications based on EV batteries. Developing such a framework is
essential due to the diversity of battery properties, applications, and architectures that
are becoming available. It will be critical to determine the potential social, environmental, and economic impacts, and technical and operational constraints in order to realise
1

The optimal power flow is analysed and discussed in Part III.
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the concept of battery second life. Before introducing the system topologies, the battery and the power elecronic components are presented with regard to their benefits and
challenges.

7.1

Battery

By using li-ion batteries, which are produced for the automotive application, some special features are to be considered. The following section explains what challenges can
occur and what limitations must be considered. First, the EV battery is explained based
on its characteristics.
The BMW i3 battery pack consists of eight modules and each of them consists of
twelve li-ion cells. The performance of the battery is defined by the available technologies
of li-ion cells. Through advancements in the field of innovative materials, the cell-level
requirements for the highest cycle life times for stationary ESSs are realistic and represent
a key role in the economic use of renewable energies. However, the electrochemical cell
is only one component of the overall battery system. It is a complex system consisting
of individual components such as control units and monitoring (SME/BMS for modules
and CSC for cells), s-box, fuses and relays, cooling, connection components, sensors,
and housing. The design of the total battery system is central to fully exploiting the
performance and minimising energy and power density losses. The life time and safety of
the overall battery system is essentially determined by the optimisation and coordination
of the individual components [28]. Table 7.1 gives a list of the technical parameters of
the 60 Ah and 94 Ah battery pack of the BMW i3 battery.
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Table 7.1: Technical data of the BMW i3 battery: 60 Ah and 94 Ah.
Technical parameter

60 Ah battery

94 Ah battery

Energy content
Nominal voltage
Minimal voltage
Maximal voltage
Continuous power
Charging time
Number of cells
Number of modules
Weight

22 kWh
360 V
300 V
393 V
40 kW
<0.5 h for 80%
96
8
232 kg
(cell:1.84 kg)
213 l
1660 x 964 x 174 mm
refrigerant
LMO/NMC (vs. graphite)

33 kWh
353 V
260 V
403 V
40 kW

Volume
Dimensions
Cooling
Chemistry

7.2

96
8
262 kg
213 l
1660 x 964 x 174 mm
refrigerant
NMC (vs. grahit)

Power Electronic Components

In Section 6.3 we have seen that in addition to the DC/AC inverter either a DC/DC
converter or a transformer is necessary. In this section, the various power electronic
components are presented in terms of their function, characteristics, and composition.
The loss calculation of each component as well as the simulation results, showing the
efficiency, is given. The general conversion levels are presented in Figure 7.1. The
DC/DC converter transforms the DC voltage into a DC voltage of lower or higher voltage.
The conversion from AC voltage to AC voltage is done by the transformer. To invert a
DC voltage into an AC voltage, or the reverse, a DC/AC inverter has to be used.

7.2.1

DC/DC converter

For one of the system topologies a DC/DC converter is needed. In the following, different
variants of DC/DC converters are presented, their functions are explained and their loss
calculations based on the ECD are shown.
The function of the DC/DC converter is to increase or decrease the DC voltage from
the input to the output side. There are three basic types of DC/DC converters in the
literature: buck (output voltage lower than input voltage), boost (output voltage greater
than input voltage), and buck-boost (output voltage lower or greater than input voltage)
converters [200]. In addition to these simple circuits, there are numerous other DC/DC
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DC/AC
inverter

=
DC/DC
converter

DC
AC

~
Transformer

DC
DC

=

DC
AC

~

DC/AC
rectifier
Figure 7.1: Levels of conversion showing the function of the DC/DC converter, the
DC/AC inverter, and the transformer.
converters, such as DAB, flyback, Ćuk, or SEPIC converters. Further information on
these DC/DC converters and their function can be found in the literature [200] and [201].
For this work a bidirectional DC/DC converter, which operates in both directions
(charge and discharge the battery), is necessary. After introducing the three possible
system architectures, they are compared to each other. To make the comparison technically feasible, from each system architecture the simplest concept of included power
electronic components is used. Thus, the bidirectional buck-boost converter [200], which
is also used by [202] for stationary ESS, is selected. This DC/DC converter can both discharge and charge the battery and increase the battery voltage (depending on the charge
state, which is between 300 V and 400 V) to 700 V (defined DC link voltage) and vice
versa. The corresponding ECD with the DC-link capacitor can be seen in Figure 7.10.2
The ECD illustrates the physical operation of a bidirectional DC/DC converter, but for
the complete functional description, among other components such as control unit, cooling, housing, sensors, and cables have to be considered. The losses of the bidirectional
DC/DC converter are composed of the individual component losses, i.e. the losses in the
semiconductors and in the inductance.

2

The ECD of the DC/DC converter is given in the Appendix A.3.
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In detail these are:
• Switching losses
– IGBT PswIGBT (switch-on and switch-off losses)
– diode Precdiode (recovery losses)
• Conduction losses
– IGBT PcIGBT
– diode Pcdiode
• Blocking losses of the semiconductors (neglected by [203])
• Control losses of the semiconductors (neglected by [204])
• Ohmic losses Pind
• Losses in the inductance
– copper losses
– iron losses
Therefore, the losses3 of the DC/DC converter PDCDC are considered as follows:
PDCDC = 2 · Psw,IGBT + 2 · Prec,diode + 2 · Pc,IGBT + 2 · Pc,diode + Pind

(7.1)

The DC/DC converter is simulated at different battery voltages (300 V - 400 V).
Figure 7.2 and Figure 7.3 show a three-dimensional plot for charging and discharging.
It is noticeable that with a high battery voltage the efficiency is up to 0.5 % better for
charging as well as for discharging, than with a low battery voltage.4
The DC/DC converter is simulated at different battery voltage levels (300 V - 400 V)
based on data sheet parameters [203] [205] [206] [207] [208] [209] [210] [211] [212]. There
is no trend for the efficiency of the DC/DC converter of different power classes. At a high
battery voltage, the efficiency is up to 0.5 % greater for both charging and discharging
than for low battery voltages. This is attributable to the high current load of the
valves at low voltage (at same power level) and thereby higher conduction losses of the
semiconductors and copper losses of the inductance. The difference between charging
and discharging justified by the various strains on the valves is conversely negligible
3

The detailed calculation of the losses is presented in Appendix A.3.
This is due to the higher current load of the valves at lower voltage (and equal power), and thereby
higher conduction losses of the semiconductors, as well as copper losses of the inductor.
4
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Figure 7.2: Efficiency of DC/DC converters from 20 kW up to 80 kW [181],based on data
from Appendix A.3. The simulation results show the charging case.
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Figure 7.3: Efficiency of the DC/DC converter from 20 kW up to 80 kW, based on data
from Appendix A.3. The simulation results show the discharging case.
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(0.05 %)5 . In general, it can be observed that the efficiency only differs by 0.2 % across
the performance ranges from 20 kW up to 80 kW. The low efficiency in partial-load ranges
is mainly due to the strong influence of switching losses. The quadratic dependence of
the conduction and inductance losses leads to a decreasing efficiency at full-load. In
the further course of the work, unless otherwise described, only the charging case is
considered.

7.2.2

DC/AC inverter

For both investigated system topologies, a DC/AC inverter is needed to convert the DC
voltage into AC voltage within certain limits. In the case that no transformer is involved,
an additional filter for the DC/AC inverter, for example a line choke, is required to reduce the harmonic components. In the following the function of the DC/AC inverter, the
loss calculation based on the ECD and the used data are presented for DC/AC inverters
with and without a filter unit.
Analogous to the DC/DC converter from Subsection 7.2.1, the simplest and most
widely used topology of a three-phase DC/AC inverter, the B6 bridge6 , shown in Figure 7.10 and Figure 7.12, is chosen. Other DC/AC circuits are, for example, the M6
or the 12-pulse circuit. Further information on the field of DC/AC inverters can be
found in [200]. As mentioned in Subsection 7.2.1, besides the ECD other components
are essential to describe the overall behaviour. These correspond to those of the DC/DC
converter and are therefore not listed again. The losses of the DC/AC inverter without
line choke PDCAC(without line choke) are considered to be as follows:
PDCAC(without line choke) = 6 · Psw,IGBT + 6 · Psw,diode + 6 · Pc,IGBT + 6 · Pc,diode

(7.2)

For the DC/AC inverter with a line choke PDCAC(line choke) , the losses of the line choke
Pchoke are added:
PDCAC(line choke) = 6 · Psw,IGBT + 6 · Psw,diode + 6 · Pc,IGBT + 6 · Pc,diode + Pchoke

(7.3)

DC/AC inverter with filter
The DC/AC inverter is connected to the constant DC-link voltage of the DC/DC converter (700 V). The characteristics are therefore independent of the battery voltage.
Figure 7.4 shows the resulting efficiency curves of the various power levels in the case of
charging, whereby the losses of the line choke are already included.
5
6

as shown in Figure A.16.
The ECD of the single B6 bridge can be found in the Appendix A.3.
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Figure 7.4: Efficiency of the DC/AC inverter (including the line choke) from 17.5 kW
up to 315 kW [181], based on data from Appendix A.3. The simulation results show the
charging case.
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Figure 7.5: Efficiency of the DC/AC inverter (including the line choke) from 17.5 kW
up to 315 kW, based on data from Appendix A.3. The simulation results show the
discharging case.
The efficiency curves for discharging are shown in Figure 7.5. The difference between
charging and discharging is with an amount of 0.1 % somewhat larger caused by higher
number of semiconductors which produce the losses.7 Nevertheless, this difference is
negligibly small and in the further course of the work only the charging case (unless
otherwise stated) is considered. The high difference in the partial-load is mainly due to
the influence of the switching losses from the IGBT. The efficiency of DC/AC inverters
from 17.5 kW up to 315 kW differ in around 1 %.
DC/AC inverter without filter
The DC/AC inverter without the line choke is directly connected to the battery. The
efficiency of the DC/AC inverter used in combination with the transformer is without the
line choke and therefore shows slightly better efficiency characteristics than the DC/AC
inverter, which is used in combination with the DC/DC converter (compare Figure 7.4
with Figure 7.6). Due to the usage of a line choke additional losses have to be taken
into account. In case of DC/AC inverter without line choke, the filtering is done by
the transformer. Figure 7.6 and 7.7 show very low efficiency differences at the different
battery voltages.
7

See Figure A.18 in the Appendix A.3.
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Figure 7.6: Efficiency of the DC/AC inverter (without the choke) from 20kW up to 80kW
[181], based on data from Appendix A.3. The simulation results show the charging case.
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Figure 7.7: Efficiency of the DC/AC inverter (without the choke) from 20kW up to
80kW, based on data from Appendix A.3. The simulation results show the discharging
case.
108

7.2

Power Electronic Components

The efficiency of the DC/AC inverter without line choke is slightly better than the
DC/AC inverter with line choke. This is primarily attributable to the absence of the
choke. The filtering is done by the transformer and therefore the usage of line chokes are
not necessary. The low efficiency difference at battery voltage levels from 300 V to 400 V
is also attributed to the lack of line choke, which causes great copper losses at high currents (and small voltage). The simulation shows results for DC/AC inverters from 20 kW
to 80 kW. It is also noticeable that there is a clear tendency to observe the efficiency
characteristic over the five performance levels: For lower DC/AC performance levels
higher efficiency is achieved than for higher performance levels. The efficiency difference
of all DC/AC inverters is less than 0.2 %. Comparing charge and discharge efficiency 8 ,
it is conspicuous that the efficiency differs slightly more in comparison to the previously
treated components with a delta of 0.2 %. Different strains on the semiconductors cause
these factors.

7.2.3

Transformer

In the later introduced topologies there is one system architecture, which requires a
transformer to boost the AC voltage to a higher voltage level. In the following, the
function of a standard galvanic isolated transformer will be briefly explained and the
efficiency characteristic will be presented.
The main task of a transformer is to convert an AC voltage to a higher or lower
AC voltage. In contrast to the other power electronics components, the transmission
ratio is usually set by the number of turns of primary and secondary side rigid. Isolating transformers, which have a separate primary and secondary winding, also ensure a
galvanic isolation. In addition to isolating transformers, autotransformers are also used,
which do not have galvanically isolated windings and therefore represent a cheap alternative. Furthermore, there are different versions of transformers (one- or three-phase)
or differences in cooling (air, water, oil, gas, indoor and/or outdoor, natural, or forced).
For smaller outputs, a transformer with natural air cooling is recommended (see drytype transformer), as this is the simplest and least expensive option. In this work, only
the galvanic isolated transformer is considered. The simplified ECD of a single-phase
transformer can be seen in Figure 7.12. Similar to the line choke, it is only possible to
calculate the losses with the most accurate knowledge of the transformer. However, as
the manufacturers give load losses (LL) and no load losses (NLL) in the nominal point
as product information. The sum of the two is an approximation of the total losses of
the transformer PT 9 :
8
9

See Figure A.20 in Appendix A.3.
More details are listed in the Appendix A.3
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PT = PNLL + PLL

(7.4)
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Figure 7.8: Efficiency of the transformer from 20 kW up to 315 kW [181], based on data
from Appendix A.3. The simulation results show the charging case.
The losses of the transformer are scaled quadratically with the current. This is a
significant drop in efficiency (up to 1.2 %) at full-load operation (see Figure 7.8). In
addition, due to the high no-load-losses of the transformer, the efficiency in partial-load
ranges is low. The efficiency of the transformer is ideally independent of the battery
voltage and the direction of the power flow regardless of whether the battery is charged
or discharged. The difference between all transformer levels (20 kW up to 315 kW) is up
to 5%. So it is much more efficient to use a large transformer instead of many smaller
ones.
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The main objective is to connect the BMW i3 batteries with a voltage of around 400 V
(DC) to the three phase AC grid of 400 V. A DC/AC inverter can be used to transform
the direct current (DC voltage) from the EV battery into an alternating current (AC
voltage), comparable to the conventional grid level. Due to physical limits 10 [184], the
battery voltage must be boosted either on the DC side with a DC/DC converter or on the
AC side with a transformer. In case of connecting two batteries in series, a DC voltage
of approx. 800 V can be achieved and thus only a DC/AC inverter is necessary. All
power electronic components have to be able to operate in a bidirectional mode, which
enables them to charge and discharge the battery, or to feed power into and from the
grid, respectively. The presented methodology can also be applied to a grid connection
to the medium-voltage network, for which the AC voltage must be adapted accordingly.
The primary interest lies in second life batteries, which are recovered from EVs. It
is preferable that the batteries themselves can be used without major hardware and
software modifications, to avoid further development costs. In this section, the overall
advantages and disadvantages of three topologies that meet these requirements, as well
as the influence of parallelisation on the system behaviour, are discussed.

7.3.1

System Topology 1

One feasible topology (Topology 1) is to connect the battery to a DC/DC converter,
followed by a DC/AC inverter that is connected directly to the grid (top panel of Figure 7.9). The left and right panels of Figure 7.9 show two alternatives for this topology,
when it comes to connecting multiple batteries in parallel. For both alternatives, the
DC/DC converter is responsible for transforming the battery voltage to 700 V dc-link
voltage. In addition, a bidirectional DC/AC inverter is needed to invert the dc-link
voltage to 400 V (3-phase AC).
Figure 7.10 shows the electrical schematics of Topology 1, which is simulated in
MATLAB/Simulink in order to calculate the conversion (semiconductor) losses. At the
output of the DC/AC inverter is a pulsed voltage. Therefore, it is necessary to integrate
a filter component between the output of the DC/AC inverter and the grid feed-in point
to stay within the allowed harmonic limits. The simplest case of such a filter is the line
choke.
One advantage of this topology is that the use of DC/AC inverters at this voltage
level is widespread, therefore power electronic topologies for them have been highly optimised and are reliable on the market. A further benefit lies in the small assembly space,
which is further reduced by the decreasing size of power electronic components (IGBTs,
10

This can be argumented with the analysis from Subsection 6.2.
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Figure 7.9: Topology 1, DC/DC converter with DC/AC inverter, different levels of
parallelisation (left and right side) [181]. The battery is symbolised by 96 cells in series,
in line with the BMW i3 battery.
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Figure 7.10: Topology 1, DC/DC converter with DC/AC inverter (including power
choke) [181]. Equivalent circuit diagram as basis for simulation.
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diodes, etc.). Disadvantages are absence of galvanic isolation between battery and distribution grid as well as a high amount of filtering losses (line choke). In comparison to
the transformer, the DC/DC converter shows significantly higher losses regarding gate
control and regulation [213] [214]. The losses of Topology 1 (Equation 7.5) are determined by the losses in the DC/DC converter (Equation 7.1) [215] and in the DC/AC
inverter, which include a line choke (Equation 7.3) [216]. The line choke is an approach
to simplify the filtering. In the literature [217] [200] the most common filter technologies are presented: L, LC, and LCL filters. Line chokes aim at limiting the current.
The main losses are conduction losses PcIGBT and Pcdiode (e.g. IGBTs, diodes), switching
losses PswIGBT (IGBT on/off), recovery losses Precdiode (diode) and ohmic losses from the
inductors Pind [217] [200] [218]. Losses in the capacitor of the intermediate circuit are
relatively small and can be neglected. Additionally, filter losses of the choke Pfilter also
have to be taken into account. The complete losses of Topology 1 are summarised in
Equation 7.5.

7.3.2

PTopology 1 = PDCDC + PDCAC(Topology 1) .

(7.5)

PDCDC = 2 · PcIGBT + 2 · Pcdiode + 2 · PswIGBT + 2 · Precdiode + Pind ,

(7.6)

PDCAC = 6 · PCIGBT + 6 · PCdiode + 6 · PSIGBT + 6 · PRdiode + Pf ilter .

(7.7)

System Topology 2

Topology 2 uses a DC/AC inverter to transform the battery voltage directly to 200 V
AC, followed by a transformer that is connected to the grid (top panel of Figure 7.11).
The left and right panels of Figure 7.11 show two alternatives for this topology, when it
comes to connecting multiple batteries in parallel.
Figure 7.12 shows the electrical schematics of Topology 2, which is simulated in
MATLAB/Simulink in order to calculate the conversion (semiconductor) losses.
In this system topology the coils of the transformer automatically provide a sinusoidal
current at the output of the system. Therefore, other filters are normally not needed
and the system can be connected directly to the grid. The transformer converts the
200 V (3-phase AC) up to 400 V (3-phase AC). When using an isolation transformer, a
galvanic isolation is already guaranteed. An obvious disadvantage of this system topology is the non-standardised transformer ratio of 200 V to 400 V, which results in high
development and investment costs. The most important benefits of this topology are
galvanic isolation and the ability for filtering the sinusoidal currents in the grid (caused
by the transformer). The main disadvantages are the lower efficiency due to transformer
losses (including no-load losses, heat losses) and the large assembly space and weight
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Figure 7.11: Topology 2, DC/AC inverter with transformer, different levels of parallelisation (left and right side) [181]. The battery is symbolised by 96 cells in series, in line
with the BMW i3 battery.
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compared to the DC/DC converter. Furthermore, a large amount of raw materials (copper, iron) is needed, which results in high costs. The market for DC/AC inverters with
an input voltage of 260 V - 400 V is not common and therefore, the DC/AC inverters
are consequently less reliable.
Losses of Topology 2 include losses in the DC/AC inverter and in the transformer
[217] [200]. In detail, the DC/AC inverter losses consists of conduction losses PtextcIGBT
and Ptextcdiode (IGBTs, diodes), switching losses PtextswIGBT (IGBT on/off) and recovery
losses Precdiode (diode). Due to the usage of a transformer, load PLL and no-load losses
PNLL have to be considered. The composition of the system losses (Equation 7.8) can
be divided into losses resulting from the DC/AC inverter (Equation 7.2) [216] and from
the transformer (Equation 7.4)[219].

7.3.3

PTopology 2 = PDCAC(Topology 2) + PtextT .

(7.8)

PDCAC = 6 · PcIGBT + 6 · Pcdiode + 6 · PswIGBT + 6 · Precdiode ,

(7.9)

PTrafo = PLL + PNLL .

(7.10)

System Topology 3

The special aspect of this topology is that two batteries are interconnected in series
to reach the required input voltage of a bidirectional DC/AC inverter (top panel of
Figure 7.13). The inverter transforms the battery voltage directly to the distribution
grid voltage level. The left and right panels of Figure 7.13 show two alternatives for this
topologies when it comes to connecting multiple batteries in parallel.
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Figure 7.13: Topology 3, batteries are connected in series with DC/AC inverters at
different levels of parallelisation (left and right side) [181]. The battery is symbolised by
96 cells in series, in line with the BMW i3 battery.
This leads to a significantly lower device count as no DC/DC converter or transformer
is needed. However, there are also considerable disadvantages such as a higher complexity of operational controls, e.g. battery balancing. In case of a battery breakdown, two
batteries have to be separated from the system for maintenance. The increased probability of defects due to the serial connection results in a reduced robustness. Another
critical point to be clarified is the grounding concept. The battery provides a dual fault
protection (isolation monitors). In case of a serial connection of two batteries, it is crucial
to ensure that the voltage does not exceed 400 V (DC) due to design conditions (“air and
creep distance”). Otherwise there is a risk of floating potentials and high ripple currents.
Another aspect to be taken into account is the matching concept. To ensure high system
efficiency, it is necessary to combine two batteries with similar conditions. In case of two
heterogeneous batteries, the weaker battery will determine the performance of the string
[213].

7.3.4

Comparison of System Topologies

The relative merits of the three topologies discussed so far are summarised in Table 7.2.
Each system topology benefits from one main advantage: Topology 1 contains a stan116

Advantages

Disadvantages

• High filter losses

• No galvanic isolation

• No transformer losses

• Compact assembly space

• Large market of DC/AC
inverter of this voltage
level

Topology 1
isolation

in-

117
• Small DC/AC inverter
market with voltage from
250V-400V

• High costs due to transformer material

• Large amount of raw material (copper, iron)

• Heavy device

• Large assembly space

• Lower efficiency due to
the transformer losses
(no-load-losses,
waste
heat)

• No filter losses

• Galvanic
cluded

Topology 2

• Battery Matching

• Grounding concept (isolation monitors) not clear, risk of floating potentials, high ripple currents must be
avoided

• Robustness/increased probability of
fault (failure of one battery leads to
two batteries dropping out)

• Maintenance (battery exchange)

• DC/AC inverter complexity increase
(operational control of batteries, battery balancing)

• Series connection leads to low device
count, no DC/DC converter or transformer needed

• Less power electronic components

Topology 3

7.3
Overview of System Topologies

Table 7.2: Comparison of three system topologies. The advantages and disadvantages
of each topology are listed [181].
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dard DC/AC inverter, which has a high market availability and is therefore characterised
by low aquisition costs. The galvanic isolation is the main feature of Topology 2. A high
degree of safety can be achieved and the electromagnetic interference is prevented by the
two power electronic components having decoupled circuits. Through the serial connection of two batteries by Topology 3, a higher battery voltage can be obtained and the
additional power electronic component to convert either the DC voltage or AC voltage
can be saved.
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7.4

Parallelisation

Parallelisation

In the simulation the losses for both operation modes (charging and discharging of the
battery) are calculated in a power range between 5 % (partial-load) and 100 % (fullload) separately. It is assumed that all batteries show the same behaviour, hence, the
load profile is distributed homogenously over all components in the system architecture.
Within the three topologies, there are different parallelisation options (the right and left
panels of Figure 7.9, 7.11, and 7.13):
• Connection of all batteries to one DC/DC converter/DC/AC inverter and further
to one DC/AC inverter/transformer.
• Connection of each battery to a separate DC/DC converter/DC/AC inverter and
further to one DC/AC inverter/transformer, as shown in the right panels of the
figures.
• Connection of each battery to a separate DC/DC converter/DC/AC inverter and
further to a separate DC/AC inverter/transformer, as shown in the left panels of
the figures.
It should be noted that compensating currents can flow between the batteries when
connecting multiple batteries to one DC/DC converter/DC/AC inverter. Therefore, a
single battery can not be charged/discharged separately. If desired, this function must
be ensured by another circuit design. Especially, in case of Topology 3, a minimum of
two batteries have to operate in the same way.
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CHAPTER

Case Studies for System Architectures
In this chapter, a comparison framework to allow one to compare different architectures
that enable the operation of new and second life EV batteries in stationary storage applications without rebuilding the batteries, is developed. A systematic investigation on
the different topologies of system architectures for stationary applications connecting
EV batteries is performed. The ultimate goal is to develop a semi-automated decision
support toolkit that practitioners can use to design appropriate architectures given the
properties of available batteries, target storage application, available volume and individual budget. The assessment focuses on the system efficiency of different architectures.
After simulating performance maps of different power electronic components of various
performance levels for both topologies (see Section 7.2) for a system comparison, the
influence of parallelisation of many small components instead of one huge unit, the differences using load profiles from stationary applications, and an energetic consideration
are analysed. The evaluation in the form of a sensitivity analysis regarding cost, volume,
and weight together with the previously achieved efficiency results complete the comparison. The last case study of this chapter presents a combinatorial approach to define the
optimal design for a stationary application consisting of power electronic components
based on the outcoming simulation results from the case studies before. Addressing the
design question is the topic of current research based on optimisation methods.

8.1

Parallelisation of System Topologies

Parallelisation is of high importance because it will provide information about system robustness and reliability. This section analyses the failure of individual components on the
overall system by evaluating the system efficiency regarding the number of components.
The implications of the first two topologies in terms of parallelisation are illustrated in
the two bottom panels (left and right) of Figure 7.9 and Figure 7.11. The configuration
on the left side requires a higher number of devices (DC/AC inverters or transformers),
but each of lower complexity. In case of a battery or power electronic failure only one
string (subsystem) drops out, while the topology on the right side may cause a larger
121

8

Chapter 8. Case Studies for System Architectures

failure depending on implemented inverter/transformer logic or even in case that the
DC/AC inverter/transformer shows a fault. At the right side, each battery pack can be
controlled independently with the DC/DC converter or DC/AC inverter. In the event of
maintenance or replacement of one battery pack, depending on the logic of the controller,
the DC/AC inverter/transformer cannot keep operating for the rest of the system, which
decreases reliability and fault tolerance. Similar battery packs can be added along with
DC/DC converters/DC/AC inverters. Each subsystem can be designed as an individual
system and combined as needed (various battery types can be applied depending on
different factors e.g. generation, ageing).
If one pack of Topology 3 (left side of Figure 7.13) fails, the subsystem will not work.
The failed unit has to be replaced or bypassed externally. At least two batteries drop
out. This causes reliability concerns. Individual pack voltage and state of charge cannot
be controlled. The configuration on the right side requires a lower number of devices
(DC/AC inverters). If one pack fails, there is a possibility, depending on the DC/AC
inverter logic, that the complete system will not work. This results in a poor reliability
as well as lower robustness. For both configurations the batteries must have the same
properties to avoid violations against the battery security concept.
On the basis of a qualitative analysis of three system topologies, the results show that
Topology 1 and 2 have different technical issues than Topology 3: Serial wiring of two
or more battery packs may cause technical issues, such as ensuring higher voltage clearance and creepage distances (inside and outside of the battery pack) and balancing and
grounding of the battery packs. When comparing the system architectures, Topology 3
requires more effort on the battery side while the complexity of the other architectures
focuses on the power electronics. Since the DC/AC inverter of Topology 3 is the same
as the DC/AC inverter of Topology 1 and Topology 2, except for different input voltage
range. Therefore, the series connection of two batteries is not evaluated in detail in
respect to an energetic evaluation.
To investigate the effect of parallelisation on efficiency, the interconnection of power
electronic components for systems with multiple subsystems is simulated 1 . For Topology 1, Figure 8.1 shows the efficiency curves for one large DC/AC inverter together with
one large DC/DC, two medium DC/DC, or four small DC/DC units. Figure 8.2 presents
the results of the same parallelisation levels for Topology 2.
The simulated performance curves show marginal differences between the different
numbers of parallelisation levels. The application of one large power electronic component compared with four smaller power electronic units shows similar results due to the
1

The data for the analysis are listed in the Appendix A.3.
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Figure 8.1: Parallelisation of one small/medium/large DC/AC inverter to one, two and
four DC/DC converters [181], based on data from Appendix A.3.
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Figure 8.2: Parallelisation of one small/medium/large transformer to one, two and four
DC/AC inverters [181], based on data from Appendix A.3.
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fact that the efficiency variation between the different performance levels is quite small.

8.2

Energetic Evaluation

In general, there is a variety of ways to look at power electronic circuits and calculate
the efficiency. Tan et. al [220] compare the possibilities of modelling power electronics
components and present four approaches:
• Mathematical: modelling using mathematical formulas
• Electric: modelling based on physical description (ECD)
• Transfer function: modelling with transfer functions in the frequency domain
• State space description: modelling using state space descriptions
As shown in the previous sections, an analytical calculation of component losses is
not possible without knowledge of detailed parameters. As a result, the calculation of
the efficiency is performed by simulation of electrical ECDs and physical relationships.
For each system topology, one simulation model exists.2 In the simulation, the losses
for both operation modes (charging and discharging of the battery) are calculated in a
power range between 5 % (partial-load) and 100 % (full-load) separately. The simulation
model of Topology 1 is composed of an abstract level, which includes the efficiency of
all power electronic components, especially with respect to different power ranges. The
detailed simulation describes the calculation of the losses based on data sheet information of semiconductors [203] [205] [206] [207] [208] [209] [210] [211] [212]. The DC/DC
converter (Topology 1) and DC/AC inverter (Topology 2) utilise the battery voltage
and battery current and additional frequency for the DC/AC inverter as an input for the
calculation. The DC/AC inverter of Topology 1 uses the DC-link voltage and frequency
as input and power losses as output, respectively. Input for loss simulation of the transformer is the power output of the DC/AC inverter simulation. In order to perform a
simulative comparison between different system topologies, the grid voltage is assumed
to be 400 V (AC) and the grid frequency is set to 50 Hz. The intermediate circuit voltage
is 700 V (DC) for Topology 1 and 200 V (AC) for Topology 2. Furthermore, the temperature is set to a constant 25◦ C . The power is shared equally through all components
(homogenous operation). Control and cooling losses are not included in the simulation
due to the multitude of the underlying concepts. For example, many converters and
inverters have only a passive air cooling. To simplify the simulation of the battery, a
constant voltage source is assumed. This is justified by the fact that both topologies
2

The efficiency figures are presented for each power electronic component in Section 7.2.
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have the same battery interconnection. The clock frequency for the components is 8 kHz.
The direct comparison of the components to each other (see Figure 8.3) shows that
the DC/DC converter has the best efficiency curve. The DC/AC inverter of Topology 2
is 1-2 % more efficient than the DC/AC inverter of Topology 1 regarding the filter
losses (Topology 1 includes a line choke). The transformer efficiency is unsatisfying in
the partial-load range (less than 20 % power), slightly higher in the medium power and
decreases to the order of magnitude of the DC/AC inverter of Topology 1 in the full-load
range.

99

E/ciency in %

98
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96
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60 kW DC/DC
315 kW DC/AC (Topology 1)
20 kW DC/AC (Topology 2)
315 kW Trafo

94
93

0
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40

60

80

100

P/Pn in %
Figure 8.3: Comparison of the performance maps of the components, based on data from
Appendix A.3. The DC/DC converter shows the best efficiency over the complete power
range.
A comparison at system level shows the main characteristics of each topology. The
efficiency of Topology 2 in the range of 20-60 % rated power is marginally better than
of Topology 1. For this evaluation the largest (315 kW) DC/AC inverter (for Topology 1) and transformer (for Topology 2) are selected, which show the best performance
chaeracteristics. However, Topology 2 shows much worse performance when a smaller
transformer is chosen. For the simulation results in Figure 8.4, the battery voltage is set
to 350 V.
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Figure 8.4: Efficiency comparison of Topology 1 and Topology 2 in each case with five
examples [181], based on data from Appendix A.3. The battery voltage is set to 350 V.

8.3

Influence of Power Distribution

Stationary ESSs are used in many applications. These applications are different regarding their gradient, frequency, power peaks, and the operation time horizon. In discussing
the influence of different load profiles three profiles are artificially created. Once the battery behaviour is not implemented the time response is not in the focus. Therefore the
simulated power distribution profiles are describing three different cases: The first power
distribution (top panel of Figure 8.5) shows the case that most of the time small power
values are requested, the middle part of Figure 8.5 describes a Gaussian distribution of
the power profile and the third profile shows that most of the time high power levels
are requested. All profiles consist of 5000 samples. For the simulation, Topology 1 is
designed with the largest DC/DC converters (4x80 kW) and the largest DC/AC inverter
(1x315 kW) and respectively Topology 2 includes the largest DC/AC inverters (4x80 kW)
and the largest transformer (1x315 kW).
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Figure 8.5: Influence of power distribution on efficiency of Topology 1 and Topology 2
[181], based on data from Appendix A.3. The first column presents at the top power
distribution, called profile 1, at the middle power profile 2 and at the bottom power
profile 3. The second and third column show the efficiency distribution of Topology 1
and Topology 2 for each power profile.
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The second and third column of Figure 8.5 present the efficiency response of Topology 1 and 2 for the three power profiles. For Topology 1, the overall efficiency is 94.02 %
(profile 1, Figure 8.5: first row, second column), 95.42 % (profile 2, Figure 8.5: second
row, second column), and 96.11 % (profile 3, Figure 8.5: third row, second column).
The efficiency ratio of Topology 2 is slightly smaller with 88.68 % (profile 1, Figure 8.5:
first row, third column), 91.87 % (profile 2, Figure 8.5: second row, third column), and
93.04 % (profile 3, Figure 8.5: third row, third column). Because of the high losses of
the transformer at partial-load operation points, the difference between the topologies
is six percentage points if profile 1 is applied. When the topologies are operated with
medium- or high-load, the differences are smaller (3-4 %).

8.4

Sensitivity Analysis

The comparison regarding efficiency shows differences of one to five percentage points.
Therefore, further attributes such as volume, weight, and cost are used to evaluate
the three topologies in more detail. The sensitivity analysis evaluates the four power
electronic components (DC/DC converter, DC/AC inverter with filter, DC/AC inverter
without filter, and transformer) and respectively the two system topologies of different
performance levels. The data for the sensitivity analysis is based on data sheets from
different manufacturers [203] [205] [206] [207] [208] [209] [210] [211] [212]. Table 8.1
summarises the results of the sensitivity analysis based on 20 kW, 40 kW, and 80 kW
power electronic components. The transformer shows a comparatively worse behaviour
in terms of efficiency. The DC/AC inverter, without a filter unit, exhibits the best
properties in all categories. The DC/DC converter is the most efficient component and
shows similar behaviour in the other properties compared to the DC/AC inverter of
Topology 2.
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Table 8.1: Sensitivity analysis for evaluation of power electronic components [181].
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Sensitivity analysis for evaluation of power electronic components: DC/DC converter
(DC/DC), DC/AC inverter (DC/AC) of Topology 1 (T1), DC/AC inverter (DC/AC)
of Topology 2 (T2), transformer. The evaluation criteria are cost/price (P), volume
(V), weight (m) and efficiency (eff). Classification: (+ +) very good, (+) good, (-)
bad, (- -) very bad.
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The results at the system level for both topologies are shown in Figure 8.6, in an
indicative (unit-less) scale of 0 (bad) to 1 (good), where the different topologies are
normalised with respect to the lightest (weight), smallest (volume), cost-effective (cost),
and efficient (efficiency) among them. The figure provides a relative comparison of the
different topologies. As shown in Figure 8.6, the usage of power electronic components
of higher performance level are better, especially for cost and weight reasons. In the
comparison of the systems with the largest components (lines), Topology 1 excels in
all categories. The usage of transformers with higher performance leads to a reduction
in cost. The most important differences between the two topologies are cost, weight,
and volume. It can be concluded that Topology 1, including the DC/DC converter and
DC/AC inverter, is overall superior, when taking all analysed aspects into account. In
particular, for system architectures with power levels smaller than 315 kW, the advantages increase3 .
Cost
1

Efficiency

Weight

0

36xDCAC(17.5kW) +
36xDCDC(20kW)
2xDCAC(315kW) + 8xDCDC(80kW)

32xTrafo(20kW) +
31,5xDCAC(20kW)
2xTrafo(315kW) + 8xDCAC(80kW)
Volume

Figure 8.6: Influence of volume, weight, cost, and efficiency in comparison of Topology 1
and Topology 2 on two examples [181]. The data is normalised between zero and one. A
low value means a large (volume), heavy (weight) and cost-intensive (cost) system. The
input is derived from data sheets of different manufacturers [203] [205] [206] [207] [208]
[209] [210] [211] [212].

3

The data for the sensitivity analysis are listed in the Appendix A.3.
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Combinatorial Approach for System Design

In this chapter, load profiles of four stationary applications are analysed with regard to
their technical properties. To evaluate the system design and the interconnection of the
components, the three introduced topologies from Section 7.3 are used. In the event
that several batteries are needed to fulfil the application, in addition to the question
of how many and which batteries and power electronic components are necessary, the
question of the interconnection of these components also arises. The selection of different
generations and ageing states of the li-ion battery from the BMW i3, as well as different
performance levels of the power electronic components leads to a combinatorial problem.
Previous research already deals with the topics of design and sizing of stationary ESSs,
Blank et al. [221] present the layout of a test bench for analysing system behaviour,
Baumann et al. [222] focus on a comparative probabilistic economic comparison of
various battery types and Fortenbacher et al. [223] introduce strategies for distributed
battery storage systems in a planning problem. The main objective of this chapter is
to develop a methodology to find the most cost-effective system design. Therefore, a
combinatorial approach is derived from load profiles of four applications and system
component properties to calculate the solution for a static system design using linear
programming.
Problem Description: Figure 8.7 describes the design problem. After collecting data
from various performance levels of the power electronic components, the question concerning which and how many components are needed and what their connections are has
to be analysed.
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Figure 8.7: System design as connection of components from each level [122].

For the application profiles presented in Part I, the calculation of a possible system
design is implemented in the following. For the system design, static analyses are used.
The level Grid in Figure 8.7 applies to all three topologies and describes the load profile
from four applications. These profiles show the requested power, which the battery
system has to provide. In the case of Topology 1, each node in Level 1 describes one of
the eight DC/AC inverters and in Level 2 each node represents one of the five DC/DC
converters. Topology 2 introduces the seven transformers in Level 1 and the five DC/AC
inverters in Level 2. For Topology 3, Level 1 describes the nine DC/AC inverters. Level 2
does not exist for Topology 3. Table 8.2 summarises the number of power electronic
components. Level 3 describes the six generations and ageing states of the li-ion batteries
from the EV (60 Ah BoL, 60 Ah EoL1, 60 Ah EoL2, 94 Ah BoL, 94 Ah EoL1, 94 Ah
EoL2) in the case of Topology 1 and 2. For Topology 3, the same battery variations are
used but each node describes the series wiring of two identical battery types (2x60 Ah
BoL, 2x60 Ah EoL1, 2x60 Ah EoL2, 2x94 Ah BoL, 2x94 Ah EoL1, 2x94 Ah EoL2).
The arrows between the levels describe the possible connections from a node of one
level to a node of the next level. The aim of the optimisation problem is to specify,
which of the nodes, representative of the power electronic components and batteries, are
active, what kind of connections these components have to each other, and how many of
them are multiples. For example, in the case that the same node exists several times in
Level 1, each of these nodes has the same connection to the nodes in Level 2.
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Table 8.2: Overview of power electronic components with various performance levels for
three topologies [122].
Topology 1
DC/DC
converter
in kW
20
30
40
60
80

Topology 2
DC/AC
inverter
in kW
17
24
35
52
70
105
157
315

DC/AC
inverter
in kW
20
30
40
60
80

Topology 3
transformer
in kW
20
40
80
100
160
200
315

DC/AC
inverter
in kW
20
28
40
60
80
120
180
240
360

Formulation of Combinatorial Optimisation Problem: As a first evaluation step,
the focus is on a selection of suitable properties (see Section 6.5). Since quantitative
criteria are required for the subsequent evaluation, the focus is on the properties cost
ccomp , weight mcomp , volume vcomp and efficiency ηcomp of each component. By means of a
combinatorial approach, an optimisation problem is solved to find the most cost-effective
design solution costcomp (1).
costcomp (mcomp , vcomp , ccomp , ηcomp ) = α · mcomp + β · vcomp + γ · ccomp + δ · ηcomp ,
comp ∈ L1i , L2k , Batm
(8.1)
In consideration of the application case, some properties are more important than
others. The individual influence of such properties can be controlled through weight
factors (α, β, γ, δ). Hence, the objective is the adequate design of a storage ESS to
minimise the overall costs costsys (costcomp ) and to determine the design-specific environmental burden and benefit whilst substituting conventional generation with battery
storage.

costsys (costcomp ) =

X
i

nL1i · costL1i +

X

nL2k · costL2k +

k

X
m

nBatm · costBatm

(8.2)

The results of the optimisation are the integer ncomp , describing the number of components and the binary σcomp , describing if a connection from this component to the
component of the next level exists. Vector ycomp is introduced as a substitution of the
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product ncomp · σcomp . The linear program is formulated as the minimisation of the costs
by calculating the sum of each system level. The system is designed in a way that the
total power of each system level is situated between the requested power from the application and 20 % safety stock on top. The sum of the power of Level 2 is not smaller
than 80 % and not greater than 25 % as the power value of Level 1. The same applies
for Level 3 over Level 2. The variable n describes the maximum number of system
components.
min
costsys (costcomp ) =
n,σ
= min
n,σ

X

nL1i · costL1i +

X

i

nL2k · costL2k +

X

nBatm · costBatm

(8.3)

m

k

Subject to
ncomp ≥ 0
X

0≤
0≤

X

X

σL2ixk ≤ size(σL2ixk ) · size(nL11xi )

σBatkxm ≤ size(σBatkxm ) · size(nL2ixk )

Pgrid ≤
0.8 ·

X

ncomp ≤ n

X

nL11xi · PL11xi ≤

ncomp · Pcomp ≤ 1.2 · Pgrid

X

nL2ixk · PL2ixk ≤ 1.25 ·

X

nL11xi · PL11xi

0.8 · nL11xi · PL11xi ≤ nnL2ixk · PL2ixk ≤ 1.25 · nL11xi · PL11xi
(8.4)

σL2ixk · PL2ixk ≤ 1.25 · PL11xi
0.8 ·

X

nL2ixk · PL2ixk ≤

X

nBatkxm · PBatkxm ≤ 1.25 ·

X

nL2ixk · PL2ixk

0.8 · nL2ixk · PL2ixk ≤ nBatkxm · PBatkxm ≤ 1.25 · nL2ixk · PL2ixk
σBatkxm · PBatkxm ≤ 1.25 · PL2ixk
−M · (1 − σL2ixk ) ≤ yL2ixk − nL2ixk ≤ M · (1 − σL2ixk )
−M · σL2ixk ≤ yL2ixk ≤ M · σL2ixk
−M · (1 − σBatkxm ≤ yBatkxm − nBatkxm ≤ M · (1 − σBatkxm )
−M · σBatkxm ≤ yBatkxm ≤ M · σkxm
The eight last formulas from Equations 8.4 represent the implementation of an ifelse-condition. If σcomp = 0 then set ycomp = 0 and ncomp = 0. Else (σcomp = 1) then
set ycomp = ncomp . M is a very large number. This approach has been described by
Bemporad and Morari et al. [224].
Results of Combinatorial Optimisation: For the four profiles shown in Part I,
the three topologies from Section 7.3 are examined. For the evaluation, the parameters
selected in Section 6.5 are used. The weights are required to charge the focus of the
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optimisation problem. Therefore, the weights vary between one and ten. For use case 1,
the system size is especially important. Therefore, the weight β has been set to two.
For use case 2 and 3, all weight factors except for the costs are set to one. Use case 4
symbolises the use case of the EV charging. Since it is conceivable to use the storage
system at different locations and thus to deliver it as ready-made storage, a small system
of packaging and low weight is crucial. Accordingly, α, β are set to two. The weight for
the system cost γ has been set to ten for all applications, as it is the main focus of an
economic system design.
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Use Case 4

Topology 3

Figure 8.8: Normalised system costs of each topology for four use cases [122].
The presented evaluations are a static consideration for determining the system design. Figure 8.8 and Figure 8.9 present the system costs and the number of components. The system costs are the lowest for Topology 1. Only for frequency regulation,
Topology 3 shows the smallest cost value. The current li-ion battery costs have a huge
influence, especially, in the small power range. For large-scale ESSs, a saving of power
electronic components is realised by the serial connection of the batteries in Topology 3,
which justifies the low cost.
Table 8.3 provides an overview of the battery generations and ageing conditions,
which should be used. For the evaluation it assumed that weight, mass, and efficiency
are the same for all ageing levels. The usable power and cost factor are scaled linearly
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Figure 8.9: Normalised number of components of each topology for four use cases [122].
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to the capacity level. For the analysed use cases, the new 60 Ah battery is used most
frequently.
Table 8.3: Number of batteries of each topology for four use cases [122]. There are two
generations of BMW i3 batteries: 60 Ah and 94 Ah. Three stages of ageing: beginning
of life (BOL, new battery), end of life 1 (EOL1, 80% residual capacity) and end of life 2
(EOL2, 60% residual capacity).
Use Case 1

Use Case 2

Use Case 3

Use Case 4

Topology 1

1x94 Ah EoL2

112x60 Ah BoL

1x94 Ah EoL1

Topology 2
Topology 3

1x94 Ah EoL1
2x94 Ah EoL2

3x60
1x94
6x94
6x94

112x60 Ah BoL
112x60 Ah BoL
2x94 Ah EoL2

1x94 Ah EoL1
1x94 Ah EoL2
1x94 Ah EoL2

Ah
Ah
Ah
Ah

EoL2
EoL2
EoL2
EoL2

Figure 8.10 presents the system design for an example of an 80 kW system, which
is composed according to the three topologies. In addition, the number of involved
components as well as the connections between them is presented in this figure. For the
evaluation, the four weights (weight, volume, cost, and efficiency) are set to one.
Topology 1
35
kW

30
kW

52
kW

60
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94Ah
EOL2
94AH
EOL2
94AH
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Topology 2
40
kW
80
kW
60
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94Ah
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60Ah
EOL2
94Ah
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Topology 3
94Ah BOL
(2x)

80
kW

Figure 8.10: System design for all three topologies in the example of a 80 kW system
[122].
Topology 3 shows the system design with the lowest number of components. Topology 1 consists of the most components in each level. It is noticeable that all three
topologies select different generation and ageing levels of batteries.
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CHAPTER

Conclusions for System Architectures
Starting with the fundamentals (Chapter 6), the system design problem, the possibilities
for grid connection, the history from module to pack usage, and an overview of the most
important system requirements are presented. In the first part of Chapter 7 the power
electronic components, which are necessary to design a system architecture (DC/DC
converter, DC/AC inverter, and transformer), are introduced. The second part focuses
on the introduction and parallelisation property of three system topologies. The result of
the component efficiency comparison shows that the charging and discharging direction
has a negligible influence on the efficiency. In this work only 400 V topologies, modelled
with a constant voltage source and homogeneous power distribution, are analysed. The
topology with the series connection of two batteries uses the same DC/AC inverter as
Topology 1 and thus does not provide any new results with regard to the system efficiency
consideration. The simulation shows that the system efficiency is mainly determined by
the efficiency of the component on the AC side (DC/AC inverter in case of Topology 1 or
transformer in case of Topology 2). The first part of the evaluation shows solely differences of one to five percentage points in efficiency. In general, Topology 1 shows a higher
efficiency than Topology 2. The results regarding the influence of parallelisation also
reveal only marginal differences in system efficiency. In addition, the efficiency of both
topologies is investigated with different power distributions with results differing by less
than five percentage points. Considering further properties like volume, weight, and cost,
the statement of the better performance of Topology 1 is strengthened. For Topology 1,
a large DC/AC inverter is the preferred choice for a light, small, and inexpensive system
rather than several smaller ones. The smallest, lightest, and cheapest configuration of
Topology 2 can be achieved by combining a high-performance transformer with powerful DC/AC inverters. Similarly, a system with small transformers and small DC/AC
inverters will be disproportionately heavy, large, and expensive. In reality, Topology 2
will become much more expensive due to the special design of the transformer. The cost
increase of Topology 1 due to cooling and control is estimated to be lower. In particular,
the progressive E-Mobility enables different EV generations with the consequence that
a mix of batteries arise. Along with new battery technologies coming onto the market,
used batteries with various ageing levels should also be able to operate in a second life
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application. The last Section 8.5 formulates the combinatorial optimisation problem
to find the cost-efficient system design based on the results of the system comparison.
The main objective is to solve a linear program by minimising the total system costs
regarding hardware cost, weight, volume, and efficiency. Three of the four use cases
(instead of frequency regulation) show the best results for system Topology 1, the connection of the battery with the DC/DC converter and DC/AC inverter. The results
show the number of necessary components, the usage of power electronic performance
class, the selection of the battery ageing and generation level as well as the connection
of the components to each other. In the example of an 80 kW system, the design for the
three topologies is presented. Here, it became evident that all three topologies have a
different number of power electronics and a different battery ageing and generation level.
Further research of this work focuses on the operational performance of an ESS,
which enables an optimal power distribution through the ESS while minimising the battery strain and maximising system performance. Therefore, the battery dynamics should
be approximated with a state space model in order to take into account the influence of
the system states, e.g. the SoH, the SoC, the current, the internal resistance, and the
power losses. The losses of the energy conversion devices, especially in regards to batteries and power electronic components, are supposed to be considered in one optimisation
algorithm. A method which calculates the power flow through the system with heterogeneous batteries is developed in Part III. With this approach, the dynamics between the
system size, system topology, level of parallelisation, load profile from application, and
battery characteristics will be further investigated while also minimising overall system
costs.
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If you optimise everything,
you will always be unhappy.
– Donald Knuth

In addition to system design, power distribution is an important research field for
an optimal operation of ESSs. This part provides a theoretical analysis and simulation
results about power flow and control methods in stationary ESSs. Control methods are
important for stationary ESSs, especially for ones based on the so-called second life batteries due to asymmetrical system design and a mix of batteries from different capacities
and ageing levels. The theoretical part (see Chapter 10) develops a hierarchical control
scheme comprising several levels and methods for computing the target variables of the
control strategy based on optimisation. The main objectives of the power distribution
through a stationary ESS are presented. The simulation part (see Capter 11) focuses
on the implementation of a stationary ESS, comprising four BMW i3 battery units connected to four DC/DC converters, and three DC/AC inverters. The system and control
strategies are modelled in MATLAB/Simulink and the optimisation problem is solved
using Yalmip [225] and CPLEX [226]. Three algorithms are based on a finite-state machine and one of them on linear programming (LP) and model predictive control (MPC)
techniques. All methods are tested on this system based on two application profiles
(artificial rectangle profile, frequency regulation profile) and the control schemes are
compared in terms of performance, efficiency, and service life. The last chapter (see
Chapter 12) concludes the key findings of this part and the most important steps of the
power distribution as well as highlighting the most important control targets. This part
contains the results of [227].
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Background on Power Flow Control
An ESS which is connected to the low voltage (400 V) AC-grid is considered for the
motivation for the work. The ESS comprises BMW i3 batteries at various levels of
generation and ageing, DC/DC converters transforming the battery voltage to 700 V
DC-link voltage, and DC/AC inverters to reach 400 V AC-voltage (3-phase). In most
cases, stationary applications require more than one battery unit. These multi-battery
systems have various strategies to distribute and coordinate the power among the system. In previous works, the researchers at BMW Group analysed stationary storage
applications with simulation models and the behaviour of real systems [142] [141] [120]
[228] [229]. The results show that the operational behaviour has to be improved through
suitable control strategies. Power distribution can be tackled in a variety of ways. In
the literature one can find criteria to meet demands given throughout a transmission
network, usually with the objective of minimising the operating cost [230]. This work
shapes the concept of OPF in a simple optimal ED problem. Power distribution within
the ESS is a special case of the more general OPF problem (Chowdhury et al. [231],
Momoh et al. [232] [233] [234] [235], Huneault et al. [236], and Pandva et al.[237]).
A control hierarchy proposed for MG to the control of ESS is adapted. The hierarchical structure comprises primary, secondary, and tertiary control. This work concentrates
on power management at the tertiary level. For this several alternatives proposed in
the literature are explored: static, dynamic, and optimisation-based. The static control
approach is used in previous works at BMW Group [141] [120] [228] [229]. Levron et
al. [238] have analysed dynamic control strategies of the MG’s energy storage devices in
order to balance power generation and consumption with focus on the physical connectivity. Sortome et al. [239] implemented an OPF strategy to achieve optimal dispatch of
controllable loads and generators and thus an effective utilisation by using particle swarm
optimisation. The work of Gabas et al. [240] proposes a combined problem formulation
for active-reactive OPF and provides an optimal operation strategy which ensures the
feasibility and enhances profitability significantly.
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The main contribution of this work is the design of a tertiary controller based on
optimisation and a comparison with heuristic tertiary controllers for a specific ESS in
simulation. Heuristics are of course much simpler to implement, whereas optimisation
requires considerable effort and possibly cost in terms of hardware and software. On the
other hand it leads to good performance (the same as the best heuristics) while it provides
knobs (horizon length, relative weights of terms in the cost, etc.) that one can use to
adapt to different settings and to trade-off different performance indicators with each
other and with computational effort. The comparison focuses on three control objectives:
performance, efficiency, and service life. The main difference is that static methods
provide fixed sharing factors, which do not change during operation, while dynamic
and optimisation-based methods act actively on the respective system behaviour. In
this part, the challenges of power distribution in medium to large scale ESSs [120] are
illustrated by four different control methods. This chapter presents a brief introduction
of the control problem, a comparison between homogeneous and heterogeneous systems,
the level of hierarchical control followed by an overview of OPF methods, and their target
parameters.

10.1

Problem Description and Definitions

In the previous chapters, it can be seen, which potential load profiles from various applications, with their respective properties, can affect ESSs and which possible system
architectures, with their respective advantages and disadvantages, can therefore be deployed. This part focues on the distribution of power through ESSs. Figure 10.1 outlines
the question of how the power requirement of a load profile, coming from an application
(described in Part I), is distributed to a selected system design (selected in Part II). First,
the factor of how much power is shared to each of the DC/AC inverters is calculated.
After the power has passed the DC/AC inverters, the second distribution through the
DC/DC converter has to be calculated depending on the decision of how much power
flows through each DC/AC component. In a last step, the amount of power, which each
battery unit has to handle is computed as a function of the requested power from the
DC/DC converter depending on what the other battery units connected to this DC/DC
converter are able to operate. Therefore, Equation 10.1 describes the power distribution through the DC/AC inverters (PAC1 , PAC2 , ..., PACNAC ) with the parameter αNAC ,
through the DC/DC converters (PDC1 , PDC2 , ..., PDCNDC ) with the parameter βNAC NDC
and through the battery units (PBat1 , PBat2 , ..., PBatNBat ) with the parameter γNDC NBat .
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Figure 10.1: How should the power be distributed through the system? Pgrid describes
the requested power coming from an application use case introduced in Part I. The
parameters αNAC describe the amount of power, which flows to each DC/AC inverter
(PAC1 , PAC2 , ..., PACNAC ). Furthermore, the parameters βNAC NDC represent the distribution through the DC/DC converters (PDC1 , PDC2 , ..., PDCNDC ), depending on which
DC/AC inverter the requested power comes from. The amount of power, which each battery unit (PBat1 , PBat2 , ..., PBatNBat ) has to handle is described by the parameters γNDC NBat
depending on the power amount of the connected DC/DC converter.
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Pgrid = PAC1 + PAC2 + ... + PACNAC ,
=

N
AC
X

PACi .

i=1

PACi = αi · Pgrid ,

(10.1)

PDCk = βi k · PACi · ηACi ,
PBatm = γk m · PDCk · ηDCk ,
The rule is that the sum of each factor (αNAC , βNAC NDC , and γNDC NBat ) must be one.
This is necessary to ensure that the power flowing through each branch is not greater
than the power at the adjacent node (representative of the grid, DC/AC inverter, or
DC/DC converter).
L
AC
X

αi = 1,

i=1
L
DC
X

βNACik = 1, {i = /1, 2, ..., NAC },

(10.2)

k=1
N
X

γNDCkm = 1, {i = /1, 2, ..., NDC }.

m=1

To be able to carry out the calculation of the parameters, various system properties
must be taken into account. These include for example, the losses of the power electronic
components, battery characteristics, or requirements from the application. The power
distribution can be tackled in a variety of ways. In particular, the choice of the target
value for the description is decisive for the respective results. In the literature, he
particular question of the best operational strategy in order to meet demands given
throughout a transmission network, usually with the objective of minimising operating
costs, is reflected by [230]. Carpentier has been shaping the concept of OPF through
his work including the transmitted power problem in a simple optimal ED, since 1962.
Since that time, power flow optimisation has been a fundamental issue for power network
control and has been extensively studied by Chowdhury et al. [231], Momoh et al. [232]
[233] [234] [235], Huneault et al. [236], and Pandva et al. [237]. The formulation of a
control method includes all the mentioned factors and is presented in detail in the next
chapters.

10.2

Homogeneous and Heterogeneous Systems

Before delving deeper into the theory of power distribution, it is necessary to take another
challenging aspect into consideration: heterogeneous systems imply heterogeneous power
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distribution. A heterogeneous system design arises due to asymmetrical connections of
the components (DC/AC inverter, DC/DC converters, and batteries). Furthermore,
with the growing development of li-ion batteries, a mixture of batteries with different
capacities and ageing levels exists. In the following, a heterogeneous power distribution, especially for a heterogeneous system design becomes apparent. As summarised in
Part II, the efficiency differs only marginally between many system topologies. However,
especially system topologies with many different performance levels of components offer
an optimisation potential in that the power is not uniformly distributed but rather heterogeneous. To illustrate the procedure for heterogeneous operation, a system topology
with two 157.5 kW DC/AC inverters and four 80 kW DC/DC converters is used as an
example. In this system design at each DC/AC inverter, two DC/DC converters are
connected and at each of them one battery unit is assigned. In homogeneous operation,
a power requirement of 90 kW is distributed evenly across all components. This means
that each inverter has to provide 45 kW of power and the DC/DC converters 22.5 kW
each. The disadvantage is that all components are operated in the low load range and
thus show low efficiency. To illustrate the potential of heterogeneous operation, a simple
operating strategy is chosen: the first component is stressed to its rated power and if
the power requirement exceeds that, the next component is added. With a power requirement of 90 kW in the example above, the DC/AC inverter will run at 90 kW, one
DC/DC converter at 80 kW and another at 10 kW.
The efficiency curve for the operating strategy of the complete power range of the
exemplary topology is shown in Figure 10.2. In the homogenous operation, all components are activated during the total operation time. In case of heterogeneous operation,
the components are activated in stages. The circles mark the switch-on point of the next
component if the previous one can not handle the requested power profile. At the beginning, one 157.5 kW DC/AC inverter and one 80 kW DC/DC converter are activated. The
first circle describes the activation of the second 80 kW DC/DC converter. The large
circle illustrates the connection of the second DC/AC inverter and the third DC/DC
converter. The last circle depicts the switch-on point of the fourth DC/DC converter.
It can clearly be seen that heterogeneous operation offers great advantages, especially in
the low load range. However, it can also be seen that it would be more advantageous to
switch to homogeneous operation from the switch-on point of the second inverter (large
circle). Another operating strategy would be to individually adjust each component to
optimise the overall efficiency of the system. Especially, if a mix of batteries with a
variety of generations and ageing is part of the system design. What is really the best
in terms of power distribution and what is meant by the best is explained in the next
chapters.
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Figure 10.2: Comparison between homogenous and heterogeneous operation on a system
design based on two 157.5 kW DC/AC inverters and four 80 kW DC/DC converters. The
number of activated components and therefore the power distribution is shown in two
different ways. In one operation all components are activated (homogenous distribution) and in another operation only one DC/AC inverter and one DC/DC converter are
activated to handle the requested load profile (heterogeneous operation).

10.3

Introduction of Hierarchical Control Framework

An ESS as described in Part II can often be found as part of MG [241] and represents
together with energy sources and loads an essential component of such systems. To control all these various components of a MG properly, a hierarchical control scheme [242]
[243] has been proposed. The hierarchical control structure forms a compromise between
a fully centralised and a fully decentralised control scheme [244] [245].
The hierarchical structure comprises three different levels: primary, secondary, and
tertiary control [242]. Primary control is often realised through the droop control method
to emulate physical behaviours. The primary control (also known as local supervisor)
typically involves a simple proportional (P) controller. As this method causes a loaddependent voltage deviation, a secondary control that restores the output voltage is used
to solve this problem. The secondary control is implemented with U-I-control (control
of system voltage and current), using a proportional-integral (PI) controller to ensure
zero steady state errors. The primary and secondary control levels focus on the power
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quality with respect to the power electronic units. Tertiary control appears on top of
both primary and secondary control and manages the optimal power flow in the overall
system. An extensive review is provided by e.g. Meng et al. [245].
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Figure 10.3: General overview of the hierarchical control scheme of an ESS [227]. Three
levels of control exist: primary, secondary and tertiary control. The ESS consists of
N batteries, LDC DC/DC converters, and LAC DC/AC inverters and accordingly the
primary control has the same number of control units as there are available DC/DC
converters and DC/AC inverters, the secondary control unit is based on the number of
DC/AC inverters, and there is only one tertiary control level (Y ).
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This control scheme is not only suitable for managing the entire MG but also for parts
of it. Here we adapt the hierarchical control scheme to the control and management of
an ESS. Figure 10.3 presents the three control levels for an ESS. The ESS comprises N
batteries, NDC DC/DC converters, and NAC DC/AC inverters. Each DC/DC converter
and DC/AC inverter comes with its own primary controller. The number of secondary
control units is based on the number of DC/AC inverters, while the whole operation is
supervised by a single tertiary control unit. Primary and secondary control are mainly
responsible for managing the DC-link voltage. Our study concentrates on power management at the tertiary control level. Therefore, the rest of this work introduces different
alternatives for this. The primary and secondary levels are not discussed in more detail as they are not the object of our comparison. For the numerical study below we
assume that the physical behaviour of the DC/DC converters and the DC/AC inverters
is described with look-up tables.

10.4

Control Targets

The goal of power distribution is to determine how the requested load should be shared
between the system units, considering objectives such as minimising power losses and
maximising battery life time, both at steady state and during surging transients. The
algorithms should also respect constraints arising from physical limits (battery, power
electronic components), power quality, and application requirements. An overview of
control objectives is given below.
The OPF requires a formulation of the objective function, for example to reflect fixed
and variable costs. Fixed costs are the one-time costs, such as investment costs of the
plant, hardware components, and software implementation, as well as security testing
and commissioning. These are relevant for the decision of the best suitable system design
[122] and are not considered for the power control during operation. On the contrary,
variable costs change during operation as a function of the output of the system and reflect attributes such as heat losses, availability, or durability. We categorise these variable
costs into three classes: performance, efficiency, and service life. In all three cases, the
costs depend on battery operation parameters such as SoC, SoH, temperature (T), DoD,
power (P) or energy (E), all of which are entered in the corresponding objective functions
to address multiple control objectives. The overall objective function can be formed as
a weighted sum of the individual performance, efficiency, and service life objectives [227].

Performance: Performance provides information on operating times and downtimes
of the ESS. One of the main targets is availability, which requires the system to follow
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the requested power at all times. Performance in terms of availability can be improved
by minimising differences in SoC among the batteries or tracking SoE and state of power
(SoP). This approach, known as coordinated control, is widely used in literature and
has been extensively studied by e.g. Lu et al. [246] [247] [248] [249] or Marcelino et al.
[250]. Technical availability provides an evaluation criterion to contrast operating times
and downtimes of the ESS.
Efficiency: Efficiency refers to the round trip efficiency of the whole ESS and expresses
energy losses that occur during operation. To keep energy costs down and to reduce waste
heat, efforts should be made to operate the ESS in the maximum efficiency range or, to
put it another way, with minimal power losses. To achieve this, efficiency characteristics
of every DC/DC converter and DC/AC inverter have to be considered. The overall
efficiency can be evaluated and further optimised based on the average efficiency of each
DC/DC converter, DC/AC inverter, and battery.
Service Life: Service life is concerned with the impact of battery degradation on
the operating life of the ESS. Typical influence factors of li-ion battery degradation
are e.g. temperature, high currents, energy throughput, or DoD. A more detailed
insight in ageing mechanisms in li-ion batteries is shown by Vetter et al. [251]. Battery
degradation results in a power reduction of the ESS and leads to higher variable costs
due to replacing batteries prematurely. As a way of countering degradation, influences
of various battery-specific parameters have to be explored and evaluated on their impact
on the SoH of the battery. For example, it is known that batteries experience significant
lifetime deterioration if they are consistently overcharged or deeply discharged [252].
Irrespective of the complex processes influencing ageing, a generic approach is to keep
the relative load on all batteries in an ESS equal, assuming that equal relative loads
lead to equal ageing and that service intervals can be maximised if all batteries reach
a critical ageing state simultaneously [155]. If two batteries follow the same SOC-path,
three of the main influence factors on ageing, i.e. relative current, DoD and average
SoC are identical and relative energy throughput is at least very similar. SoC balance
is therefore introduced as a measure for equal stress on the batteries in Section 11.3.
Other ideas include using old batteries first and then consuming the new batteries or the
opposite but this will not be followed in my research.

10.5

Control Methods

The tertiary controller performs power flow optimisation to distribute the requested
power in order to meet the energy demand in the most economical manner while respecting constraints imposed on the physical ESS and meeting further requirements
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from the application side. We explore three alternatives for meeting these requirements:
static power distribution, where pre-defined sharing factors are constant during operation based on heuristics, dynamic power distribution, where sharing factors are adaptable
during operation based on heuristics, and optimised methods, a variant of dynamic distribution, where sharing factors are calculated based on optimal power flow, including
the possibility of predicting the system behaviour [227].

Static Power Distribution: Static distribution is the most intuitive and the simplest
approach in terms of mathematical implementation. The simplest idea is to divide the
total requested power by the number of batteries. Thus, each battery carries the same
amount of the charging/discharging power as long as battery limits are not exceeded. Alternatively, one can define sharing factors in advance that are, for example, proportional
to nominal values of the battery, e.g. rated capacity or rated power. The obvious drawback of static power sharing is that if some of the batteries reach their limits, the total
power is reduced proportionately and therefore both stable operation and maximising
the utilisation of the batteries is not ensured.
Dynamic Power Distribution: Dynamic power distribution adapts the sharing factors during operation. One approach is to link the power sharing factor with battery
parameters that change during operation, e.g. remaining capacity or SoC. In this case,
if one battery hits its charging limits and thus reduces its power, other batteries take
over a larger share of the total requested power. Consequently, the total power of the
ESS is not reduced as long as limits of the battery, DC/DC converter, or the DC/AC
inverter are not exceeded. Furthermore, predictive battery values, e.g. the prognosis
of the available power or energy, can be used as well for sharing power inside an ESS
dynamically.
Optimisation Problems: Optimisation problems aim to minimise or maximise one
or more objectives, reflecting desirable attributes of the system operation. The function
to be optimised is called the objective function and depends on the input and state
parameters of the system. By means of constraints one can ensure that physical, performance, or safety limits are respected. Optimisation forms the basis of the so-called
MPC), where a discrete-time dynamic-state model of the system is used to calculate the
future behaviour as a function of the input signals. An optimisation problem is then
formulated and solved to determine the best inputs to apply in the future, i.e. those
that optimise the objective function while respecting the constraints. The first of these
future inputs is then applied to the system, the resulting new state is measured and the
process is repeated. This receding horizon implementation (periodic measurement and
re-calculation of the optimal inputs) introduces feedback that makes the process robust
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to errors, including the errors in the models used to predict the future evolution of the
system.
The problem of determining the best operating levels for ESSs to minimise the operational costs is known in the literature as OPF. The OPF concept was established
by Carpentier et al. [230] in the 1960’s. The formulation of general OPF problems
gives rise to non-linear and non-convex mathematical programs that must be solved in
real time. A major source of non-convexity is actually the physical laws. Momoh et
al. [232] and Dommel et al. [253] introduced solution techniques for OPF problems
based on the Newton-Raphson method in 1968. Since then several mathematical methods for formulating and solving OPF have been introduced: linear [254], non-linear,
quadratic [255], [wibowo2013dynamic], MILPs, interior-point [256] methods, gradient
adjustment algorithm [253] and Newton-based methods [234] [235] [236] [237]. Current
research projects attempt to approximate the OPF problem with tractable formulations
such as conic programming problems or convex relaxations [257] [258]. [257] [258].
Linear Programming: A brief introduction to the basic concept of LP [259] is
given in this paragraph. LP is a method with the goal to achieve the maximum or minimum of a linear objective function subject to linear constraints, where both the equality
constraint and inequality constraint are possible [260] [261]. A linear programming problem can be generally formulated as follows:
min cT · x
subject to A · x ≤ b (inequality constraint)
Aeq = beq (equality constraint)

(10.3)

lb ≤ x ≤ ub (bound constraint)
The objective function is the part cT · x, which is to be minimised. Due to the
duality properties in LP, a maximisation of the objective can be simply realised through
a reformulation. The main objective of LP is to find the minimal vector x, to minimise
the objective function in compliance with the constraints. Therefore, all possibilities
for the vector x, which take into account all equality and inequality constraints, stretch
the feasible solution region. If the feasible set is empty, the LP problem is considered
infeasible [261].
There are plenty of methods to solve a linear programming problem such as the
Dantzig’s simplex method and the interior point methods [261]. The principle of the
simplex algorithm is to start from an initial feasible solution to the problem and search
for other feasible solutions until the objective value cannot decrease anymore, effectively
moving along the boundary of the feasible region; whereas, the interior point algorithm
moves across the interior of the feasible region [262] [263]. Based upon these methods,
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linear programming solvers are available and have been embedded in many tools such as
in MATLAB/Simulink, Yalmip [225], and CPLEX [226]. To take some concrete examples
in industrial fields, this has been implemented, e.g. to control the integration of regional
PHEV charging stations in order to maximise profit [264], while [265] presenting the
application of linear programming for an effective resource allocation in the electric grid
control process. A good control result has also been achieved concerning a secondary
voltage control method for distribution network based on LP [266].
Model Predictive Control: MPC is an advanced control method, which makes
explicit use of a dynamic process model to achieve the control signal by minimising an
objective function, while predicting the system future behaviours [267] [268]. Based on a
suitable state space model, which is able to describe the process dynamics as completely
as possible, the output predictions can be calculated in future instances. Possible forms
for modelling are impulse response, step response transfer function as well as state-space
[267]. Comparing to other control methods, the attractiveness of model predictive control
can be attributed to its ability to handle constraints, non-minimum phase processes, and
changes in system parameters. In addition, it is applicable to multivariable processes
and systems with long time delays [267] [268]. The formulation of MPC is shown in
Equation 10.4:
Ut∗ (x(t))

:= argmin

N
−1
X

| {z }
Ut

q(xt+k , ut+k )

k=0

subject to xt = x(t) (measurement)
xt+k+1 = A · xt+k + B · ut+k (system model)

(10.4)

xt+k ∈ X (state constraints)
ut+k ∈ U (input constraints)
Ut = {uo , u1 , · · · , uN −1 }(optimisation variables)
As a result, the model predictive control has become an appealing preference in a
wide range of fields. For instance, frequency control of an isolated power system [269],
the regulation of voltage source converters in the microgrid [270], the energy management of a hybrid battery-supercapacitor energy storage system [271] and the optimal
power flow control in power systems [272] [273] [274] [275]. The main control process
consists of four steps. Starting with the ECD of the involved components and describing their physical behaviour with Kirchhoff’s laws, the next step is to transform the
equations into a linear and discrete state space description. The third step is composed of formulating the optimisation problem with their objective function, their constraints, and their system dynamics. In the last step the solution is found by using
MATLAB, CPLEX, Gurobi, GLPK, XPRESS, qpOASES, OOQP, FPRCES, SDPT3,
Sedumi, MOSEK, IPOPT, CVX, Yalmip, GAMS, and AMPL.
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Online vs. Offline: Depending on requirements such as real-time capability or computing time, optimisation could take place offline or online. Offline optimisation is similar
to the global optimisation, reviewed by Tie and Tan [276], and rests on knowledge of
future and past information over a fixed load profile. Based on this information, parameters of the objective function can be varied in order to find an optimal solution for a
known load profile. The sharing factors of the static methods are always set offline and
are not changed during the operation. For dynamic methods, parameters influencing
e.g. conversion speed or weighting of different objectives can be optimised in offline simulations. Online optimisation, on the other hand, aims to optimise the cost function in
real-time and consequently the sharing factors are updated to each time step, which is
the case for the other three methods. This allows one to use more accurate information
available in real time, including in particular power profile forecasts for the immediate
future. The challenge is that the optimisation problem also has to be solved in real
time. Real time optimisation enables the deployment of sophisticated MPC methods.
Recently, there has been significant research interest in using MPC for the optimisation
of ESSs [277][278] [279]. MPC has been widely applied in many industry and research
fields of ESSs [278] [280], for example Fortenbacher et al. [275] [281] [282] [283] present
this method for li-ion battery systems.
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ESSs are expected to play an increasingly important part in future power networks by
offering the potential in terms of increased energy reliability and efficiency and at the
same time introducing new challenges due to bidirectional power flows and finite energy
capacity. On the basis of a fixed stationary ESS four control methods to distribute the
requested power coming from two stationary application use cases are analysed in this
case study. The system framework, the application use cases, and the control methods
are introduced in the following.

11.1

System Description

On the basis of a fixed stationary ESS four control methods to distribute the requested
power coming from two stationary application use cases are analysed in this case study.
To make the discussion concrete we provide the details for a specific system, but of course
the methods discussed below are general. In [181] three system architectures are analysed
with respect to their main characteristics. The results suggest that a system architecture
with the DC/DC converters and the DC/AC inverters leads to improvements in efficiency,
cost, volume, and system weight. Motivated by this study, the BMW Group and the
University of Applied Sciences Munich launched the research project UnABESA, where a
number of BMW i3 EV batteries are connected to a bidirectional DC/DC converter to set
the 400 V battery voltage to 700 V DC-link voltage and a bidirectional DC/AC inverter
responsible for transforming the DC-link voltage to 400 V 3-phase AC. A derivation is
considered as an example for this work. The schematic of the simulated ESS is shown
in Figure 11.1. The schematic model describes the smallest number of components to
formulate a multi-energy-storage-system. Since two batteries represent only one pair,
three DC/AC inverters are used. The connection of two DC/DC converters to the same
DC/AC inverter results in the four DC/DC converters. The following methodology is
transferable for this type of multi-battery-energy-storage-system, so that the number
of components, their interconnection and the power values of the components can be
arbitrarily changed.
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Figure 11.1: System description based on four differently aged BMW i3 lithium-ion
batteries, four DC/DC converters, and three DC/AC inverters [227].
All four batteries are based on the BMW i3 li-ion battery with 60 Ah (21.6 kWh).
New batteries are classified as BoL batteries, batteries with 80 % remaining capacity as
EoL1 batteries, and batteries with 60 % remaining capacity are EoL2. EoL2 comprises
DC/DC converters with two different ratings (30 kW and 40 kW) and three different
DC/AC inverters (35 kW, 52.5 kW, and 157.5 kW). The sharing factors describe the
amount of power (in percent) distributed from the load profile (Pgrid ) to each of the
DC/AC inverters (α) and from the DC/AC inverter to the DC/DC converters, in case
of multiple connections (β).
For the purpose of this study, the system introduced in Figure 11.1 as well as the
corresponding controllers are implemented in MATLAB/Simulink (MATLAB R2015b).
Figure 11.2 shows the blocks of the overall model. As system input, two load profiles
are chosen: one artificial profile and one real application use case (frequency regulation).
System outputs are the battery and system parameters (SoC, current, voltage, efficiency,
performance, supplied power). The main purpose of tertiary control is the management
of the complete system behaviour. Loss simulations for the power electronic components
were carried out to generate look-up tables of efficiency as a function of power: these
look-up tables were stored in the power electronic block. The battery block is based
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on a state space formulation parameterised by data from extensive measurements (see
Figure 11.3).
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Figure 11.2: Stationary ESS modelled in MATLAB/Simulink [227]. The system input is
load profiles from stationary applications and the system output is the supplied power
and battery and system parameters. The power distribution is calculated in the controller
block (tertiary control level).

Battery System: For the simulation, the battery model is based on a BMW i3 battery
with a capacity of 60 Ah. The BMW i3 battery (one pack) consists of eight modules.
Each module includes twelve cells. The energy content of one pack is 21.6 kWh, the
limit for continuous power is set to 40 kW, and the nominal voltage is 360 V. This work
assumes a constant maximum current (100 A) rate over the full charge and discharge
process.
Table 11.1 shows the scaling of the cell parameters with SoH for the schematic model
presented in Figure 11.3, based on a parametrisation [284] of BMW i3 cells. The table
shows the parameters (f (I)) of the state space description at a constant temperature of
25 ◦ C and a dependency on the current (I). The dependency on the SoC is neglected
for the sake of simplicity. Note that the parameters depend on the ageing of the battery.
No ageing model has been integrated into this work. In order to create a heterogeneous
system behaviour, three different SoH states are set. The second and third column give
the parameters for the aged battery cells. There is a variety of literature on ageing
models and influence factors. For this work, the fact that aged batteries have a higher
resistance (factor of 1/0.8 and 1/0.6) and a lower capacity (factor of 0.8 and 0.6) is taken
into account to simplify the battery model.

162

11.1

System Description

Table 11.1: BMW i3 cell parameter for simulation [284]. The following parameters are
the average of various current values based on the assumption that the temperature is
set to 25 ◦ C [227].
Parameter

BoL

EoL1

EoL2

Ri
R1
R2
C1
C2
SoH

f (I)
f (I)
f (I)
f (I)
f (I)
1

1/0.8 · f (I)
1/0.8 · f (I)
1/0.8 · f (I)
0.8 · f (I)
0.8 · f (I)
0.8

1/0.6 · f (I)
1/0.6 · f (I)
1/0.6 · f (I)
0.6 · f (I)
0.6 · f (I)
0.6

The circuit diagram with two RC-units has been proposed as a good trade-off between
model accuracy and complexity [285] [284] [286] [287]. OCV(SoC) denotes the controllable open circuit voltage and Ri describes the ohmic resistance which includes electrolyte
resistance and connection resistance of the battery. The first RC-circuit describes the
non-linear polarisation response and consists of R1 , the polarisation resistance, and C1 ,
the polarisation capacitance. The second RC-circuit describes the non-linear polarisation
response in more accuracy [287]. The current i is positive for charging and negative for
discharging. Applying Kirchhoff’s laws leads to the following differential equations for
the li-ion cell. The open-circuit voltage (OCV) is defined by the electrochemical potential
of the battery and depends strongly on the SoC, depending on battery capacity K.

𝑣1
𝐶1
𝑖

𝑖𝐶1

OCV(SoC)

𝑖𝐶2

𝑖

𝑖
𝐻𝑉 +

𝑅𝑖
+

𝑣2
𝐶2

𝑖𝑅2

𝑖𝑅1
𝑅1

𝑅2

𝑣

𝐻𝑉 −

Figure 11.3: Schematic of a lithium-ion cell model [227]. One battery consists of 96 cells
in series.
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d
v1
i
v1 = −
+
,
dt
R1 · C1 C1
d
v2
i
v2 = −
+
,
dt
R2 · C2 C2
d
1
SoC =
· i(t),
dt
K
v = OCV(SoC) + v1 + v2 + Ri · i.

(11.1a)
(11.1b)
(11.1c)
(11.1d)

In the controller block of Figure 11.2, the battery unit consists of 96 cells. The total battery voltage is calculated assuming identical cells behaviour of all cells. Battery
voltage and SoC are input signals of the controller block and the outputs are battery
current and battery power.

Power Electronics: The power electronic components in the simulation model are
look-up tables showing the efficiency over the power. Loss calculations are done beforehand [122] for different performance levels of the DC/DC converters and DC/AC
inverters based on sophisticated power electronic models. These models describe the U-I
behaviour of all semiconductors (IGBTs, diodes, etc.) to calculate the component losses.
The losses are divided into conduction losses (e.g. IGBT, diode), switching losses (IGBT
on/off), recovery losses (diode) and ohmic losses from the inductors of the choke. Line
losses are neglected due to the short laying distances and are therefore not part of the
loss calculation.
The performance map shows the efficiency over various power values of a 30 kW and
40 kW DC/DC converter (Figure 11.4 and 11.5) and a 35 kW, 52.5 kW, and 157.5 kW
DC/AC inverter (Figure 11.6). Note that the battery voltage also has an influence on the
performance level and therefore the performance maps of the DC/DC converter are three
dimensional. Assuming that a constant intermediate circuit voltage of around 700 V is
established between DC/DC converters and DC/AC inverters, the dependency of the
performance map on the voltage is low and will be neglected in this case.
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Figure 11.4: Performance map of the 30 kW DC/DC converter [227].
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Figure 11.5: Performance map of the 40 kW DC/DC converter [227].
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Figure 11.6: Performance map of three DC/AC inverters [227].
Load Profile: Stationary ESSs are used in many stationary applications from small
home energy storage systems, to maximise self-sufficiency in combination with PV installations, to large scale systems to provide frequency regulation services to the grid,
and everything in between (peak shaving, EV fast charging, energy arbitrage, etc.) [120].
The different applications give rise to desired power profiles that differ in terms of gradient, time of operation, frequency, power peak (min, max) and the amount of total energy.
For the comparison of the control methods considered here, two profiles are chosen. One
of the profiles is artificially created to simulate a rectangular profile (profile 1), switching
between positive and negative power values in equal parts. The second profile is derived from frequency regulation (profile 2) based on the German load profile of the year
2013, scaled to a two-hour duty cycle test aligned with the simulation model described
in this section. The power distribution takes place in real time, which means that the
calculation is carried out anew at every point in time without knowing the course of
the load profile. Both profiles are two hours long and have a resolution of nine seconds.
Figure 11.7 shows a five minute time segment of both profiles.
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Figure 11.7: A five minute time segment of the two load profiles [227].
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The main objective of the tertiary controller is to effectively determine the power distribution by calculating the sharing factors (α, β). This study compares four control
algorithms for the controller block in Figure 11.2. Recall that static methods (here only
method 1) calculate the sharing factors offline and do not change them during operation. The other methods considered, 2-4, can be classified as dynamic, in that α, β
change during operation based on the measurements of the states of the system. Two of
these are based on heuristics (methods 2 and 3) while the last is based on optimisation
(method 4).
Static: The distribution by number of batteries (method 1) is the simplest of the methods. Each battery is operating with the same amount of power, independent of the SoC
value or ageing state. This means that α1 , α2 and α3 are set to the number of batteries
which are behind the three DC/AC inverters. Behind α1 (1/4) and α3 (1/4) only one
battery is connected, while two batteries are connected to the second DC/AC inverter
α2 (2/4). The parameters β1 and β2 result in the same way and are set to 1/2.
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Dynamic fixed sequence: Method 2 (distribution by sequence) is based on sequential
sorting and power-rated distribution. The batteries are arranged in some fixed, arbitrary
order (see Figure 11.1). The first battery in the order takes all of the input power as
long as it is below its rated power and its SoC < 100 %. If this is not the case, the
second battery takes over the excess power (all the input power if the SoC of the first
battery is 100 %) as long as it does not exceed its power rating and its SoC limits, etc.
The distribution is calculated proportionally to the activated battery power. The order
is equal for discharging (battery 1 discharges first as long as its SoC > 0, etc.).
Dynamic variable sequence: The method distribution by minimal or maximal SoC
(method 3) is a variant of the second, where the batteries are charged not in a fixed
order, but starting with the one with the smallest state of charge, then moving on to
the second lowest, etc. For discharging the order is reversed, from the highest SoC to
the lowest. In the event that two or more batteries have the same SoC, all of them are
charged/discharged proportionally to their rated power. For practical use, a hysteresis
should be integrated to avoid permanent switching of the batteries, especially in case of
dynamic load profiles.
Optimisation-based: Method 4 (distribution by optimisation) uses a LP to optimise
power distribution subject to constraints imposed by the system dynamics, energy balances, efficiency, and the rating of components. The optimisation is done in two steps
due to the dependencies of the power flow through the DC/DC converters on the DC/AC
inverters. First, the power distribution is calculated to the DC/AC inverters (sharing
factors: α1 , α2 , α3 ), followed by the power flow to the DC/DC converters (sharing factors: β1 , β2 ), depending on the results of the first optimisation algorithm. Both parts of
control algorithms are implemented in MATLAB/Simulink using YALMIP [225], then
the resulting LPs are solved in CPLEX. In both optimisation parts, the battery dynamics are included in the power distribution strategy by using MPC.

Structure of optimisation problem: The main objective is to optimise tracking of the reference signal, minimise losses, and maximise battery lifetime subject to
constraints imposed by energy balances, the system dynamics (voltages and SoC in
Equations (11.1a)-(11.1d)) and system limitations (maximum charging and discharging
rates, power ratings of electronics). Directly formulating this as an optimisation problem leads to a non-convex program that is difficult to solve for systems of even moderate
complexity. The main sources of non-convexity are:
• The input power of the DC/DC converters is equal to the output power of the
DC/AC inverters. This leads to bi-linearities when the corresponding powers are
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substituted in the efficiency curves.

• The efficiency curves themselves are approximated by piecewise affine equality
constraints, giving rise to integer variables.

• Power is given as the product of voltage and current, both of which are decision
variables, resulting in more bi-linearities.

To obtain a convex optimisation problem we systematically replace the non-convex
constraints with convex counterparts. To address the bi-linearity due to the coupling
of DC/AC inverters and DC/DC converters, the overall optimisation problem is deconstructed into two problems, one for the power flow through the DC/AC inverters and
one for the power flow through the DC/DC converters, with the optimisers of the former
serving as input parameters for the latter. To address the piecewise affine efficiencies,
the non-convex equality constraint are replaced with a convex relaxation that eliminates
the integer variables, then argue that, thanks to the structure of the problem, the optimal solution of the relaxation is also feasible (and hence optimal) for the non-convex
problem. To resolve the voltage-current bi-linearity we approximate the voltage as a
constant. While the first and third approximations lead to sub-optimal solutions, the
second one is in fact exact.

Inverter problem: This paragraph provides in detail the first optimisation step
with equations and discusses decision variables, terms in the cost function, and constraints. The following equations can be used for both optimisation steps. Differences
between the two algorithms are explained in the appropriate paragraphs. Starting with
the optimisation for the DC/AC inverters, the following equations describe the optimisation problem. The DC/DC converter behaviour is neglected in this step.

minimise

K
X

(L1 · P E(k) + L2 · P L(k)

k=1

+L3 ·

N
X
i=1
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subject to

SoCi (1) = SoCi,start ,

(11.3a)

SoCi (k + 1) = Ai · SoCi (k) + Bi · Ii (k),

(11.3b)

Imin ≤ Ii (k) ≤ Imax ,

(11.3c)

0 ≤ SoCi (k) ≤ 1,

(11.3d)

PBati (k) = VBati · Ii (k),

(11.3e)

−(g1 · SoCi (k) + g2 ) ≤ PBati (k) ≤ g1 · SoCi (k) + g2 ,

(11.3f)

−P E(k) ≤ Pgrid −

L
X

Plm (k) ≤ P E(k),

(11.3g)

l=1

w1 · Pgrid ≤

L
X

Plm (k) ≤ w2 · Pgrid ,

(11.3h)

l=1

|Plm (k)|
+ p2lm ,
Plmax
≤ Plm (k) ≤ Plmax ,

0 ≤ ηl (k) ≤ p1lm ·
−Plmax

hl · |Plm (k)| ≤ |PBati (k)| ≤ |Plm (k)|,
−P L(k) ≤

L
X
l=1

Plm (k) −

N
X

PBati (k) ≤ P L(k),

(11.3i)
(11.3j)
(11.3k)
(11.3l)

i=1

−∆SoCi (k) ≤ SoCi (k) − q ≤ ∆SoCi (k),

(11.3m)

k ∈ {1, · · · , K},

(11.4a)

i ∈ {1, · · · , N },

(11.4b)

l ∈ {1, · · · , L},

(11.4c)

m ∈ {1, · · · , M }.

(11.4d)

with

The LP consists of three types of decision variables: performance (P E(k)), power
loss (P L(k)), and service life (∆SoCi (k)). Further decision variables are created for
the calculation: battery current (Ii ), battery power (PBati ), and DC/AC inverter power
Plm (k). SoCi and VBati are state parameters and are updated to the tertiary controller at
each time step in course of the sample time T . Pgrid is the input parameter coming from
the corresponding load profile. The prediction horizon is K, the number of batteries is
N , and L describes the number of DC/AC inverters. The sum of the DC/AC inverter
powers is described by

L
P

Plm (k) and represent PSys in Figure 11.2.

l=1
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The objective function of this optimisation consists of three parts weighted by L1 ,
L2 , and L3 . The first part minimises the deviation from the desired grid power (P E),
the second part focusses on the minimisation of power losses (P L), and the third part
has the goal to maximise the service life (∆SoC). The weights L1 , L2 , L3 are used to
normalise the three parts so that they can be compared to each other and to shift emphasis between them.
The first term of the cost function aims to maximise tracking performance, by minimising the deviation between requested power (Pgrid ) and system power (

L
P

Plm (k)) (see

l=1

Equation (11.3g)). To ensure that in any case the deviation is not too large, a constraint
is also added (Equation (11.3h)). In the numerical results below this is mostly needed
to ensure minimal performance in cases where L1 is very small or zero.
The second term in the cost function aims to minimise the power losses. The parameter P L describes the power losses of the total system. Therefore, the subtraction of
the sum of all inverter input powers to the sum of all inverter output powers (or at the
battery available powers) must be minimised (see Equation (11.3l)). Normally the piecewise affine equality constraint used to describe the efficiencies in Figure 11.4-11.6 would
lead to a non-convex optimisation problem with binary variables introduced to encode
the pieces. However, as the pictures show the constraint function is concave. After the
piecewise affine approximation one can encode the hypograph of the function as through
a set of M linear inequality constraints. Minimising the power losses means to maximise
the efficiency. Maximising over the efficiency then ensures that these constraints will be
met with equality at the optimal solution. In a sense we are doing a convex relaxation
of the non-convex problem, replacing the piecewise affine equality constraint with a set
of linear inequality constraints (see Equation (11.3i)) encoding the convex hypograph of
the function. Normally one would expect this lead to an infeasible solution and a cost
lower that the real cost. However, because the cost function is linear in the efficiencies
the structure of the problem is such that the optimal solution of the convex relaxation
is always on the boundary of the convex set, which coincides with the feasible set of the
original non-convex problem. Hence the solution we obtain from the relaxation is feasible and optimal. Plm denotes the power value in each of the M pieces of the DC/AC
inverter. Plmax , the maximum power of the DC/AC inverters is used as a normalisation factor. The limitations of each of the M pieces is described by the maximum of
the power limit of each DC/AC inverter (see Equation (11.3j)). The limitation due to
the performance limits of each battery units are described with hl (see Equation (11.3k)).
Finally, the last term in the cost function penalises the deviations of the SoC of the
batteries from q, denoted by ∆SoCi (see Equation (11.3l)). This is used as a surrogate
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for battery lifetime maximisation.
The behaviour of the SoC values, derived from the state space description of the
battery model, leads to constraints (11.3a-11.3f). SoCi (k) describes the current SoC
value and SoCi (k + 1) the value at the time k + 1. Based on Equation (11.1a-11.1d),
the system is linearised and exact discretisation is carried out. As input, the current Ii
is maintained with the dependency on the time step. A current value of Imax and Imin
is imposed as a constraint for charging and discharging. If a battery is fully charged, its
SoC value is one, and accordingly, fully discharged batteries have a SoC value of zero.
The power PBati per battery can be described by the product of current and voltage. The
OCV(SoC) curve is linearised and multiplied by the current to describe the relationship
between SoC and PBati . The battery power is thus limited with the factors g1 and g2 .

Table 11.2: Algorithm for battery voltage approximation during optimisation [227].
Algorithm for battery voltage:
1: Init VBati (k) = V̂Bati ∀k
2: Compute Ii (k), SoC(k)∀k by solving optimisation problem
3: Compute v = OCV(SoC) + v1 + v2 + R · i
(Equation (1d)) with v1 and v2 from simulation model.
4: Until (v − VBat ) < ε
5: Return to 2 with VBati = v

To ensure a linear and convex formulation of the optimisation, the battery voltage
(VBati ) is kept constant. To justify this approximation, the optimisation result (SoC and
current value) is used to calculate the battery voltage according to Equation (11.1d) after
each time step. The optimisation problem is solved for some fixed v, then the ordinary
differential equations (ODE) are computed to determine the new v and repeated. This
corresponds to linearising about the current guess for the optimiser, in some form of
sequential linear programming. The calculation stops in the event that ε converges (the
new v has not changed significantly from the previous value).
The output of the optimisation problem delivers the power values for all four batteries
PBati for the prediction horizon. The result is used to calculate the sharing factors α and
β.
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α1 =

PAC1
,
Psys

α2 =

PAC2
,
Psys

α3 =

PAC3
,
Psys
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(11.5)

PDC2
,
PDC2 + PDC3
PDC3
.
β2 =
PDC2 + PDC3

β1 =

Converter problem: The second optimisation part calculates the power flow through
the DC/DC converters. Therefore, the same control strategy as introduced for the
DC/AC inverters can solve the optimisation for the DC/DC converters. In the converter problem, L describes the number of DC/DC converters. Plm (k) represents the
DC/DC converter powers and ηl describes the efficiency of each DC/DC converter. Equation (11.3h) is replaced with an equality constraint setting Pgrid equal to the sum of the
DC/AC inverter power output.

11.3

Results and Discussion

In this section the various control strategies for power distribution are evaluated on the
same two load profiles and same battery characteristics regarding SoH. The SoH does
not change during the simulation (no ageing model is included). The initial SoC is varied
in the same way for all methods. We note that the input signals are such that the system
has to handle in total as much positive power as negative. The exact parameters for the
introduced methods are summarised in Table 11.3.
The system is evaluated by three criteria: tracking performance, efficiency, and service life. Tracking performance measures the extent to which the desired input/output
power Pgrid is delivered as the actual power Psys by the ESS.
R

performance = 1 −

|Pgrid − Psys | dt
R
,
|Pgrid | dt

(11.6)

The efficiency is calculated as the ratio of supplied battery energy to requested energy
(see Figure 11.2):
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Table 11.3: List of simulation parameters sorted by values based on design choices and
system design [227].
Design choices
sample time
prediction horizon
piecewise affine approximation
battery limitation
battery limitation
power electronic limitation
power electronic limitation
battery performance limitation
deviations of the SoC
System design
number of batteries
number of DC/DC converters
number of DC/DC converters
battery current
battery current
SoH of battery 1
SoH of battery 2
SoH of battery 3
SoH of battery 4

parameter
T
K
M

value
9s
3
10

g1
g2
w1
w2
hl

10.49 · 103
28.91 · 103
0
1.2
0.97

q
parameter
N
L

0.5
value
4
4 (for DC/DC
converters)
3 (for DC/AC inverters)
100 A
-100 A
100 % (BOL)
100 % (BOL)
80 % (EOL1)
60 % (EOL2)

Imax
Imin
SoH
SoH
SoH
SoH

1
2
3
4

|PSupplied | dt
R
.
|PSys | dt
R
|PSys | dt
efficiency(discharge) = R
.
|PSupplied | dt
R

efficiency(charge) =

(11.7)

Service life, as a third target, is not calculated directly due to its multiple influence
factors and complexity. Instead, the SoC balance as a measure for the uniformity of the
battery stress is calculated. SoC balancing calculates the diversity between the SoC of
the four batteries at the end of the experiment.
R

SoC balance = 1 −

max (SoCi ) − min (SoCi ) dt
.
∆time
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(11.8)

11.3

Results and Discussion

The results show the evaluation of 1,000 simulations at different initial SoCs for
methods 1, 2, and 3. The sample rate for method 4 is set to four different initial SoCs:
all batteries with small SoCs, all batteries with high SoCs, batteries with medium SoCs,
and SoCs distributed through the whole SoC range. In a first step, the weights of
method 4 are set equally to 1/3. This means the normalised criteria of performance,
efficiency, and SoC balance are of the same importance.
Table 11.4: Comparison of four control methods [227]. The average of performance,
efficiency, SoC balance is presented.
*describes the results for the rectangular profile (profile 1),
** describes the evaluation for the frequency regulation profile (profile 2).
Control
method

performance

efficiency

SoC balance

Method
Method
Method
Method
Method
Method
Method
Method

0.68
0.99
1
1
0.67
0.99
0.99
0.94

0.95
0.96
0.95
0.95
0.90
0.95
0.93
0.92

0.39
0.41
0.89
0.83
0.43
0.39
0.80
0.73

1*
2*
3*
4*
1**
2**
3**
4**

Method 2, 3 and 4 show similar results for performance and efficiency. For both
profiles, the ESS is able to handle the requested load (almost completely). In case of
method 1 (profile 2), the performance and efficiency result is much worse in comparison
to the other control methods. Method 3 has the highest value in column SoC balance,
which represents minimal differences between the SoCs at the end of the simulation.
Therefore, method 3 represents the best characteristic for further operation for both
profiles. While method 4 present the second best result for SoC balance. Although it
is assumed that method 4 provides the best results due to the implementation with the
optimising approach, method 3 partly shows better results. This can be justified by the
fact that the methods are evaluated against three evaluation criteria that do not correspond exactly to the optimiser’s targets. The evaluation criteria are chosen to evaluate
all four methods. A further influencing factor is the temporal consideration. For method
4, the best possible power distribution was calculated for the current power request and
thus the entire duration was not considered. In the evaluation, the mean value over the
term was chosen for the evaluation criteria.
Method 1 distributes the power equally to all batteries. This leads to an operation
of all batteries as long as none of them reaches their SoC limitations. In case that one
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battery reaches the SoC limitation, the requested power is decreased to the amount of
power without the deactivated battery, because of the static sharing factors. This explains the low performance and efficiency value in both cases in comparison to the other
methods. In case all batteries are operating, the SoC difference is the same at the end
of operation as at the beginning. If the SoC difference is high at the beginning, it will
be high at the end. This method takes no effort to control the various SoCs.
The second method operates by a sequence with a power-rated distribution, while
method 3 shares the power to the battery with the highest SoC in case of discharging
and to the battery with the lowest SoC in case of charging. The performance of methods 2 and 3 is the same, while the efficiency of method 2 is one to two percentage points
higher in comparison to method 3. Method 2 shows a low SoC balance value indicating
a short service life, which represents high differences of the end SoC values in both cases
(profiles 1 and 2). The best way to bring all batteries to the same SoC value can be
achieved with method 3. Method 3 brings the SoC values of all batteries close together
in both cases (profiles 1 and 2). This could be interesting in the event of holding all
batteries at the same SoC to guarantee that they have an equal utilisation.
The optimisation based method, method 4, shows high performance for both profiles.
The efficiency for profile 1 shows the same characteristic than the other methods. The
efficiency for profile 2 is a bit lower. Profile 2 presents a strongly fluctuating course and
has many low power values, which are responsible for the worse efficiency. The efficiency
is better for method 4 in case of profile 1 compared to profile 2. The SoC balance shows
the second best result for both profiles.
The main benefit of method 4, especially for large systems, is the independence of
the number of batteries and power electronic components with regard to their implementation expenses. The formulation of methods 2 and 3 is becoming increasingly complex
with a growing number of system components. An additional advantage of optimisation methods is the framework of the objective function, which includes weights for each
control objective. optimisation methods provide simple handles (the multipliers of the
different terms in the objective function) that allow the designer to give emphasis on
different aspects of the operation (tracking the grid signal, increasing efficiency or balancing SoC). Under fixed starting conditions regarding the initial SoC (SoC1 = 30 %,
SoC2 = 40 %, SoC3 = 50 %, and SoC4 = 60 %), the weights L1 , L2 , and L3 are varied.
Figure 11.8 presents the influence of the three weights based on profile 2 on the three
target values: performance, efficiency, and service life.
In case that L1 is set to one and the other weights to 1/3, the best performance can
be achieved. If L2 is set to one, the highest efficiency can be achieved. The best result
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L1 = 1 , L2 = 1/3 , L3 =1/3
L1 = 1/3 , L2 = 1 , L3 = 1/3
L1 = 1/3 , L2 = 1/3 , L3 = 1

0

service life

efficiency

Figure 11.8: Results for method 4 (optimisation based). Influence of various weights on
the target values: performance, efficiency, and service life Comparison of four control
methods [227].
for service life is in case that L3 is set to one. Due to the dependence of performance
and the efficiency, both targets show similar results. By tuning the weight vector they
can put more emphasis on different operational aspects, longevity (service life), losses
(efficiency), and tracking performance. Therefore, optimisation based methods provide
this flexibility to the operator. Optimisation makes it easier to do trade-offs and to add
more constraints.
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CHAPTER

Conclusions for Control Strategies
Renewable energy resources and their utilisation are intimately related to sustainable
development in stationary ESSs. On the one hand, this part of the thesis will adapt
the three level control framework, which comes from the area of MGs and describes the
tertiary control with their classification of power distribution methods and target values.
On the other hand, an evaluation of four control methods, tested on a heterogeneous
system with EV batteries, is given by using two different load profiles.
Method 1 describes a static method and shows the worst results regarding system efficiency and performance because the system stops following the requested power in case
that one battery unit of the ESS comes to its limits. Static power sharing also provides
fewer opportunities for optimising performance to take into account secondary objectives
such as battery lifetime. Methods 2 and 3 are decision-based algorithms. Methods 2 and
3 show similar results for performance and efficiency. The peculiarity of method 3 is its
characteristic to bring all SoCs close together at the end of the simulation, which represents a high service life of the system. Method 4 is based on optimisation techniques and
is able to improve all three target values with weight vectors. This method achieves the
best result for the target values (performance, efficiency, and service life) in case that
the weights are set accordingly.
Improvements have to be done on the application side to implement a use case-based
control strategy. The methods in this study deliver a first estimation of their properties.
In a next step, the analysed methods have to be implemented and tested on the real
system and have to be compared with the results from the simulations.
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CHAPTER

Conclusions and Outlook
In recent decades changes have been recognised in many fields: Even more people are
moving to cities (urbanisation) and have to be supplied with drinking water, medical
care, and in particular with electricity. CO2 emissions are having a direct impact on
global warming. Furthermore, the scarcity of fossil fuels is affected as another element of
environmental changes. Therefore, policies are introducing more and more regulations
regarding CO2 emissions but also for the import/export business. The economic side
has investigated the integration of renewable energy as an alternative to fossil-based
fuels. Together with the changes in cultural mindset, more people want to use their
self-generated energy and enjoy sustainable living, which can also be observed in trends
like vegan food or contracts with sustainable electricity providers. In conclusion, this
energy transition calls for the expansion of the transmission and distribution grid or requires alternative solutions such as ESSs and thus provides the motivation for this work
(see Section 1.1). Universities, institutes, and even car manufacturers are analysing the
field from different points of view. Especially EV manufacturers are pursuing the development of the energy market (see Section 2.1) and the increasing growth of ESSs.
Besides the conventional storage technologies (see Subsection 2.2.1), electrochemical energy storage systems (see Subsection 2.2.2) and the associated use of li-ion batteries (see
Subsection 2.2.4) are attractive alternatives to lead-acid batteries (see Subsection 2.2.3).
The influence of the automotive industry on the stationary sector (see Section 2.3), especially on the price development based on the increased battery production, is part
of the fundamentals. Furthermore, on the example of the BMW i3 battery, the main
characteristics of automotive and stationary applications are presented. Depending on
which li-ion chemistry is used, the battery shows different properties. In general, the
li-ion battery from EVs is characterised by a high system packaging, high safety system,
and a good thermal management system. In the stationary field, mainly the voltage
level and the power distribution differ. While in automotive applications many short
peaks are common, in the stationary field there are more energy-orientated operations.
In the last subsection of the fundamentals (see Subsection 2.3.4), the advantage of B2L
is outlined in comparison to immediate recycling.
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The work is divided into three parts: applications, system design, and control strategies of stationary ESSs. The first part introduces stationary storage applications (see
3.1). The applications are divided into residential, industrial & commercial, energy utility & power generation, and off grid and consist mainly of the following applications:
HESSs, frequency regulation, peak shaving, EV charging, arbitrage, renewable integration, investment deferral, UPS/backup power, and blackstart. In addition to the use
of a single application, some of them can also be used in multiple use scenarios. In
Section 3.2, properties for evaluating different load profiles, which are analysed for four
applications (see Section 4.1), are presented. Peak shaving and EV charging operate
only in one direction (discharging the ESS). All four introduced load profiles are examples for the respective application and therefore serve only as an indicator with its
main features. The second case study (see Section 4.2), compares frequency regulation
of Germany and the PJM territory (New Jersey, USA). The main idea of the application
is the same in both locations, but the implementation and the degree of freedom are
completely different. In general, frequency regulation in the PJM territory is less strict
and allows due to its flexibility use in combination with peak shaving, for example. Furthermore, in Section 4.3), frequency regulation is tested on two real systems, which are
constructed differently. The system and the behaviour of each battery unit regarding
current, SoC, temperature, and efficiency, are evaluated based on a one week load profile.
In the second part (see Part II), the system design of stationary ESSs is introduced
in the first two chapters (see Chapter 6 and 7) and evaluated in five case studies (see
Chapter 8). Starting with a introduction of the great challenge to connect an EV battery
to the grid, assumptions for the grid connection, system requirements, and the history
of the ESS from battery module to battery pack are given. In the second chapter of this
part, the different components of the ESS are introduced: battery, DC/DC converter,
DC/AC inverter, and transformer. Three system topologies based on the introduced
components are presented on the basis of their ECDs, their level of parallelisation and
are compared to each other. Two system architectures are of particular importance:
the connection of the battery with a DC/DC converter and a DC/AC inverter, and the
wiring of the battery with a DC/AC inverter and a transformer. The serial connection
of two batteries together with a DC/AC inverter is only treated superficially. The effects
of parallelisation on system efficiency as well as a general efficiency analysis of different
stationary ESS sizes can be found in the case study. In addition, the influence of three
artificially generated load profiles on system efficiency is presented. In addition to the
energetic evaluation, a sensitivity analysis shows a comparison of the two most important system topologies in terms of price, volume, and weight. In the event that several
batteries are needed to fulfil the application, in addition to the question of how many
and which batteries and power electronic components are necessary, the question of the
interconnection of these components also arises. A combinatorial approach solves these
184

questions and evaluates the system design and the interconnection of the components
by using LP. For the evaluation of the three introduced system topologies, a different
number of components in each level are required.
In Part III, the optimal power flow through the ESS is analysed. Starting with the
problem description, the differences between homogeneous and heterogeneous systems,
and the hierarchical control framework, consisting of three control levels, are introduced.
A list of important control targets and methods follow. A high performance, a high
efficiency and a long service life are the main targets for the analysed case studies.
The control field include static power distribution methods, which are characterised by
their simple practicability, dynamic power distribution methods, which operate based on
the actual input parameters, and optimisation problems, which use future behaviour in
addition to the actual system parameters. In the case study, four control methods are
evaluated on a simulation model, which is close to a real ESS regarding the three target
goals: performance, efficiency, and service life.
This work delivers the main research finding of the three important fields of system
applications, system architectures, and system control. Based on the introduced results
more work needs to be done in all of these sectors. Within the framework of the research
project UnABESA, a real ESS is being developed, so that at least one of the abovementioned topologies can be validated. The further development of stationary ESSs
regarding the energy market and their price evolution must be observed. In the sector
of stationary applications, multi-use scenarios are technically possible and will become
economically attractive in the next few years in combination with the withdrawal of coal
and the large proportion of renewable energy sources. At the moment, power electronics
of a specific performance range are available on the market. Huge DC/DC converters or
DC/AC inverters are often a parallelisation of a few smaller ones in one common housing. In addition to the power electronic components used in this work, there are many
others. The simulations and case studies carried out could thus be improved by using the
latest power electronics of current research areas, such as diode clamped (neutral point
clamped) [288], flying capacitor [289], or cascaded H-bridge [290] [291]. In particular,
the use of multilevel components offers the following advantages: Multilevel converters
not only can generate the output voltages with very low distortion, but also can reduce the dv/dt stresses, therefore EMC problems can be reduced. Multilevel inverters
can draw input current with low distortion and can operate at both the fundamental
switching frequency and the high switching frequency PWM. It should be noted that a
lower switching frequency usually means lower switching loss and higher efficiency. In
contrast, the disadvantages of the multilevel inverter are the greater number of power
semiconductor switches. Lower voltage-rated switches can be utilised in a multilevel
converter. Each switch requires a related rate drive circuit, but these are more expensive and complex. In this work cooling and control losses are not considered, however
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in measurements of the real system this should be considered. The control strategies
introduced in the third part are a first step towards a task-orientated operation. Further
investigation must be done to integrate the application requirements and the locational
influences into the control strategy. This work uses differently aged li-ion batteries for
the investigations, but does not deal with the scientific factors of ageing per se. Ageing
is a fundamental area and should be considered more closely as further work continues
in this area in order to make the applications, system architecture and control strategy
dependent on ageing.
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Additional Material
A.1

Introduction

The following table gives an overview of electric vehicles from different manufacturers.
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Table A.1: Overview of EVs based on a research of the OEMs.
Manufactur

Vehicle

Battery [kWh]

Audi
BMW
BMW
BMW
BMW
BYD
Citroen
Citroen
Citroen
Fine
Ford
Ford
Hyundai
Hyundai
Kia
Mercedes
Mercedes
Mercedes
Mercedes
Mitsubishi
Mitsubishi
Nissan
Nissan
Nissan
Nissan
Opel
Peugeot
Peugeot
Piaggio
Renault
Renault
Renault
Renault
Smart
Smart
Streetscooter
Toyota
Tesla Motors
Tesla Motors
Tesla Motors
Tesla Motors
Tesla Motors
Tesla Motors
Tesla Motors
Tesla Motors
Tesla Motors
Volkswagen
Volkswagen
Volkswagen
Volkswagen
Volkswagen
Volvo

A3 e-tron
i3 (plus range extender)
i3 (plus range extender)
225xe
330e
e6
Berlingo Electric
C-Zero
E-Mehari
Mobile TWIKE
Focus Electric
C-Max
IONIQ electric
Hyundai ix35 Fuel Cell
Soul EV
B-Klasse Electric Drive (B 250e)
C 350e
C 350e T-Modell
E 350e
Electric Vehicle (2014)
Plug-In Hybrid Outlander
e-NV200
e-NV200 Evalia
Leaf
Leaf
Ampera-e
iON
Partner Electric
Porter Elektro
Kangoo Z.E. (2013)
Twizy
ZOE (2015)
ZOE (2017)
forfour electric drive (2017)
fortwo electric drive (2017)
Work
Prius Plug-in Hybrid
Model S60/D
Model S75/D
Model S90D
Model SP100D
Model SP90D
Model X75D
Model X90D
Model XP100D
Model XP90D
e-Golf
e-up!
e-load up!
Golf GTE
Passat GTE
V60 D6 Twin Engine

8.8
21.6
33.2
7.6
7.6
80
22.5
14.5
30
3.8
23
7.6
28
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27
28
6.38
6.38
13.3
16
12
24
24
24
30
60
14.5
22.5
22
6.5
22
41
17.6
17.6
20.4
4.4
60
75
90
100
90
75
90
100
90
24.2
18.7
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8.7
9.9
11.2

A.2

A.2

Background

Background

Overview over conventional storage systems including mechanical, chemical, electrical,
and electrochemical energy storage systems.

A.2.1

Mechanical Energy Storage Systems

Pumps Accumulator: One of the most common mechanical storage systems in stationary applications are pumped storage accumulators. Pump accumulators have been
widely used in the electricity industry to store electrical energy and offset fluctuations
in power supply and demand for decades. The main properties of pump accumulators
are shown in Figure A.1.

Cost

3
2
Cycle number

1

Energy Density

Pump Accumulator

0

Efficiency

Power Density

Figure A.1: Pumps accumulator based on significant properties by [83].
The characteristic profile of a pump accumulator fulfils the requirements primarily
in the control performance market, as peak shaving, and for black start spplications.
The relative strength in terms of cost, cycle number, and utilisation makes it practically
unrivalled in the mentioned application areas [83]. Due to the large amount of stored
water, the lack of energy and power density is of no great importance. However, a reliable demand forecast is important since the high initial investment requires depreciation
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over decades. Around 280 pumped storage plants with more than 80,000 MW of pumped
storage capacity are installed worldwide. In Germany, there are 33 power stations with
approximately 6,900 MW [292]. Although pumped-storage power stations are technically
unlimited, a limited number of suitable locations in Germany and in many other European countries limits the potential for further investment with acceptable investment
costs [83]. The increased connection of pumped storage plants also requires considerable
investment in the transmission grid.
(Advanced Adiabatic) Compressed Air Energy Storage (CAES, AA-CAES):
As a compressed air energy storage, geological structures such as salt caverns and aquifers
with a volume of several 100,000 m3 are suitable, as they are now used as seasonal
storage facilities for natural gas [83]. As an alternative to salt caverns and aquifers, the
use of abandoned mines can be used, the geological conditions of which generally make
it possible to dispense with a cooling of the compressed air. However, the expensive
proof of tightness to be problematic. The regional availability of a suitable compressedair accumulator is therefore also the decisive criterion for the construction of a CAES
power plant. In Germany, suitable salt deposits are found particularly in the Northwest
German deep plain and below the North Sea [83]. Through the use of seawater, caverns
of up to one million m3 can be created in relatively simple and environmentally friendly
manner [83]. Compared to pumped-storage power stations, CAES power plants have a
significantly lower impact on the landscape. Compared to conventional gas turbine power
plants, CAES power plants have a better partial load behaviour and a shorter start-up
time, so that they are very well suited for providing control energy [83]. The mechanical
decoupling of the motor-compressor unit and the gas-turbine-generator unit also allows
an even greater flexibility and efficiency of the overall system. On the other hand, the
engine can also be used as a generator if, for reasons of cost, the compressor, engine,
and gas turbine are arranged on a shaft. The critical disadvantage of the CAES power
plants is their low overall utilisation. Although the literature is frequently mentioned a
value of 54 % [83]. In this case, however, the generated current quantity is related to
the sum of the gas quantity and electrical energy for compression. The AA-CAES could
be the solution to the low efficiency. It also uses the heat released during compression
of the air. This is temporarily stored in a heat accumulator and counteracts the cooling
caused by heat exchangers during cooling of the air. This allows theoretically utilation
rates of up to 70 %. This new technical challenge requires the further development of
compressor and heat storage technology, which should store large amounts of heat at
high pressure and temperature. In addition, retrofitting a CAES to an AA-CAES is also
possible. Figure A.2 presents the main characteristic of CAES and AA-CAES.
Flywheel Accumulator: Flywheel accumulators provide very fast access to the stored
energy within a few thousandths of a second [83]. They are low-maintenance, have
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Figure A.2: (Advanced Adiabatic) Compressed Air Energy Storage based on significant
properties by [83].
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relatively low investment costs and can have a high energy density [83] (see Figure A.3.
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Figure A.3: Flywheel Accumulator based on significant properties by [83].
In order to obtain the highest possible energy density, for technical reasons, flywheels
with a higher number of revolutions are more suitable than those with higher mass.
The efficiency can be above 90 % for short-term storage [83]. A disadvantage is the
high self-discharge rate of up to 20 % per hour, which is caused by frictional losses
[83]. In order to keep friction losses low, modern flywheels are often located in a vacuum
chamber. The object of the research is a non-contact suspension of the flywheel by means
of superconducting magnetic bearings, which requires cooling, but practically eliminates
friction losses [83]. Flywheel accumulators are suitable as short-term storage, application
areas are the emergency power supply and uninterrupted power supply. Systems with
several flywheels could also be used to compensate for fluctuations in the current feed of
wind power plants.

A.2.2

Chemical Energy Storage Systems

Hydrogen Storage: The stationary storage of gaseous hydrogen can be carried out
analogously to the gas storage in pressure vessels of various sizes (5 to approx. 100 m3 ),
using metallic pressure-tube tanks, standing or lying tanks or else ball-containers [83].
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Such tank systems are usually operated under a pressure of up to 50 bar. An installation with 95 m3 storage volume and a pressure of 45 bar can thus store, for example,
4300 Nm3 of hydrogen [83]. The storage of hydrogen can also take place in liquid aggregate state. Hydrogen storage with carbon-based graphite nanofibers is currently being
researched worldwide and has high potential. As a result of the low memory density,
storage technologies such as pumped and compressed air accumulators are designed for
short-term load balancing. Long-term storage or seasonal storage could serve hydrogen
in the future [83]. The high costs and the poor efficiency represent a major obstacle to
the introduction of hydrogen as energy storage. An overview of the main properties is
given in Figure A.4.
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Figure A.4: Hydrogen storage based on significant properties by [83].

A.2.3

Electrical Energy Storage Systems

Superconducting Coils: Advances in the field of materials development have enabled energy storage technologies using superconductors. superconducting magnetic energy storages (SMES) stored energy in the magnetic field of a current-carrying coil. The
current-carrying coil consists of a superconducting material, the stored current flows
without losses [83]. For superconductivity, the coil must be cooled to a temperature
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below the step temperature. Commercially available storage systems are based on low
temperature supercomputers, which require a temperature below about 4 K and thus
expensive helium cooling [83]. They were used to compensate for fluctuating loads in
critical processes, e.g. in semiconductor manufacturing plants. High-temperature superconductor systems have a much smaller storage capacity compared to low-temperature
superconductors systems [83]. Due to short response and discharge times, SMES are
mainly used to ensure an uninterrupted power supply, compensate for fluctuating loads,
maintain voltage and provide seconds. Figure A.5 shows the significant properties of
superconducting coins.
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Figure A.5: Superconducting Coins based on significant properties by [83].

Double Layer Capacitor (DLC): Double-layer capacitors have a high power density
and a long service life. Electrical energy can be charged and discharged very fast. Due
to their high self-discharge rate, they are not suitable as energy storage devices over
longer periods of time. Rather, they are suitable for securing the voltage quality in
networks due to their high number of charge/discharge cycles and their high performance
(see Figure A.6) [83]. DLCs are among the high-performance memories. double layer
capacitor are used as energy storage, wherever a lot of energy needs to be charged and
discharged again.
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Figure A.6: Double Layer Capacitor based on significant properties by [83].
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A.2.4

Electrochemical Energy Storage Systems

Batteries are the common energy storage systems in the electrochemical field. The focus
in the area of accumulators is currently mainly on portable and mobile applications.
However, stationary use is gaining in importance, especially in connection with the grid
feed in of wind and solar energy.
Lead Acid Batteries: Lead acid accumulators in stationary use achieve a service life
of up to 12 years. They are used for uninterrupted power supply, emergency power
supply and energy storage systems for photovoltaic systems [83]. They are distinguished
above all by low costs, high availability and the possibility of use in a wide temperature
range (see Figure A.7).
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Figure A.7: Lead Acid Battery based on significant properties by [83].

Sodium Batteries: Sodium-sulphur accumulators have been used as energy storage
in Japan for 15 years. Sodium-sulphur cells have a high energy density and an efficiency
of approx. 85 %, taking into account the necessary heating, an electricity storage system reaches a total of 75 % [83]. Except for the necessity of permanent heating, this
accumulator is largely maintenance-free. The lifetime is 15 years with up to 2500 cy198
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cles with full discharge or up to 4,500 cycles with 90 % discharge, which is significantly
longer than with most other accumulator systems [83]. No memory effect occurs, so
sodium-sulphur accumulators are also suitable as a current storage for photovoltaic and
wind power plants, where very irregular charging cycles occur. In the Japanese region of
Tohoku, a sodium-sulphur accumulator plant with 30 MW capacity was installed in 2007
as a storage facility for a 50 MW wind farm [83]. Figure A.8 shows the main properties
of a sodium battery.
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Figure A.8: Sodium Battery based on significant properties by [83].

Redox-Flow Batteries: In redox-flow batteries, electrical energy is stored in the
form of dissolved salts in two electrolyte solutions. During the charging and discharging
process, the electrolyte solutions are pumped through a converter unit, in which an ion
exchange and thus a current flow takes place. Since the converter unit of redox-flow batteries is relatively complex and expensive to manufacture, systems with comparatively
low power and high storage capacity are usually designed. They are therefore suitable
for applications where uniform performance is required over a longer period of time [83].
The discharge time is therefore in the range of several hours or days. A tried and tested
variant of the redox-flow battery is the vanadium redox battery. An advantage of the
vanadium redox battery is the high efficiency of 80 % - 85 %, which is still above 75 %
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when the pump energy is taken into account [83].
The energy density is in the same range as the lead acid accumulators. For largescale energy storage, it is advisable to install the electrolyte tanks underground, which
is why the low energy density here is not a major disadvantage. A further advantage
is the long service life and the full recyclability of the vanadium solutions, which make
them virtually unlimited and without vanadium consumption. No memory effect occurs, the self-discharge rate is negligibly low, and unlike most accumulators, a deep
discharge does not cause any damage. The high, performance-related investment costs
of 1,500 EUR/kW - 4,000 EUR/kW are currently also disadvantageous. Due to the high
number of cycles and the scalability of the capacity, vanadium-redox batteries are suitable as storage devices for grid integration of renewable energies. All these properties
are summarised in Figure A.9.
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Figure A.9: Redox-Flow Battery based on significant properties by [83].
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Lithium-ion Chemistries

According to the cathode material used and its structure, li-ion cells can be divided into
so-called families each comprising a plurality of similar electrode compositions. Each
family is characterised by certain characteristics.
Lithium Cobalt Oxide (LiCoO2 – LCO): Its high specific energy makes Li-cobalt
the popular choice for mobile phones, laptops and digital cameras [112]. The battery
consists of a cobalt oxide cathode and a graphite carbon anode. The cathode has a
layered structure and during discharge, lithium ions move from the anode to the cathode.
The flow reverses on charge. The drawback of Li-cobalt is a relatively short life span, low
thermal stability and limited load capabilities (specific power) [112]. Li-cobalt should
not be charged and discharged at a current higher than its C-rating. This means that an
18650 cell with 2,400 mAh can only be charged and discharged at 2,400 mA [112]. For
optimal fast charge, the manufacturer recommends a C-rate of 0.8 ◦ C or about 2,000 mA.
The mandatory battery protection circuit limits the charge and discharge rate to a safe
level of about 1 C for the energy cell. The main properties of lithium cobalt oxide is
presented in Figure A.10.
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Figure A.10: Lithium Cobalt Oxide by [112].
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Lithium Manganese Oxide (LiMn2O4-LMO): Li-ion with manganese spinel was
first published in the Materials Research Bulletin in 1983 [112]. The architecture forms a
three-dimensional spinel structure that improves ion flow on the electrode, which results
in lower internal resistance and improved current handling. A further advantage of
spinel is high thermal stability and enhanced safety, but the cycle and calendar life are
limited. Low internal cell resistance enables fast charging and high-current discharging.
Li-manganese has a capacity that is roughly one-third lower than Li-cobalt [112]. Design
flexibility allows engineers to maximise the battery for either optimal longevity (life
span), maximum load current (specific power) or high capacity (specific energy) [112].
Figure A.11 gives an overview of the main properties for lithium manganese oxide.
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Figure A.11: Lithium Manganese Oxide by [112].

Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2 or NMC): One of
the most successful Li-ion systems is a cathode combination of nickel-manganese-cobalt
(NMC) [112]. Similar to Li-manganese, these systems can be tailored to serve as energy
cells or power cells. For example, NMC in an 18650 cell for moderate load condition
has a capacity of about 2,800 mAh and can deliver 4 A to 5 A; NMC in the same cell
optimised for specific power has a capacity of only about 2,000 mWh but delivers a
continuous discharge current of 20 A [112]. A silicon-based anode will go to 4,000 mAh
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and higher but at reduced loading capability and shorter cycle life. The secret of NMC
is in combining nickel and manganese. An analogy of this is table salt in which the
main ingredients, sodium and chloride, are toxic on their own but mixing them serves
as seasoning salt and food preserver. Nickel is known for its high specific energy but
poor stability; manganese has the benefit of forming a spinel structure to achieve low
internal resistance but offers a low specific energy [112]. Combining the metals enhances
each other strengths. The cathode combination is typically one-third nickel, one-third
manganese and one-third cobalt, also known as 1:1:1 [112]. This offers a unique blend
that also lowers the raw material cost due to reduced cobalt content. New electrolytes and
additives enable charging to 4.4 V/cell and higher to boost capacity. The characteristic
of lithium nickel manganese cobalt oxide is given in Figure A.12.
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Figure A.12: Lithium Nickel Manganese Cobalt Oxide by [112].

Lithium Iron Phosphate(LiFePO4 – LFP): In 1996, the University of Texas (and
other contributors) discovered phosphate as cathode material for rechargeable lithium
batteries [112]. Li-phosphate offers good electrochemical performance with low resistance
(see Figure A.13). This is made possible with nano-scale phosphate cathode material.
The key benefits are high current rating and long cycle life, besides good thermal stability,
enhanced safety, and tolerance if abused [112]. Li-phosphate is more tolerant to full
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charge conditions and is less stressed than other li-ion systems if kept at high voltage for
a prolonged time [112]. As a trade-off, its lower nominal voltage of 3.2 V/cell reduces the
specific energy below that of cobalt-based li-ion. Li-phosphate has a higher self-discharge
than other Li-ion batteries, which can cause balancing issues with aging. Cleanliness in
manufacturing is of importance for longevity. There is no tolerance for moisture, lest
the battery will only deliver 50 cycles [112]. LiFePO4 has a good stability of the crystal
structure even at high temperatures. This results in a higher operational reliability of
the cell and a lower degradation during the charging and discharging processes [101].
Further advantages are the good environmental compatibility and the lower material
costs compared to nickel- and cobalt-based electrodes. A disadvantage of LiFePO4 cells
are the lower energy and power densities [101]. However, LiFePO4 is very interesting for
stationary applications in which weight and space requirements do not play a decisive
role [101].
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Figure A.13: Lithium Iron Phosphate by [112].

Lithium Nickel Cobalt Aluminium Oxide (LiNiCoAlO2 – NCA): Lithium
nickel cobalt aluminium oxide battery, or NCA, has been around since 1999 for special
applications [112]. It shares similarities with NMC by offering high specific energy,
reasonably good specific power and a long life span. Less flattering are safety and cost
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[112]. Figure A.14 shows the main properties for lithium nickel cobalt aluminium oxide.
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Figure A.14: Lithium Nickel Cobalt Aluminium Oxide by [112].

Lithium Titanate (Li4Ti5O12 – LTO): Batteries with lithium titanate anodes
have been known since the 1980s [112]. Li-titanate replaces the graphite in the anode
of a typical li-ion battery and the material forms into a spinel structure. The cathode
can be lithium manganese oxide or NMC. Li-titanate has a nominal cell voltage of
2.40 V, can be fast charged and delivers a high discharge current of 10 C, or 10 times the
rated capacity [112]. The cycle count is said to be higher than that of a regular Li-ion.
Li-titanate is safe, has excellent low-temperature discharge characteristics and obtains
a capacity of 80 percent at –30 ◦ C (–22 ◦ F) [112]. However, the battery is expensive
and at 65 Wh/kg the specific energy is low, rivalling that of NiCd. Li-titanate charges
to 2.80 V/cell, and the end of discharge is 1.80 V/cell [112]. Typical uses are electric
powertrains, UPS and solar-powered street lighting. Figure A.15 presents an overview
of the main properties of lithium titanate.
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Figure A.15: Lithium Titanate by [112].

206

A.3

A.3
A.3.1

System Design

System Design
DC/DC converter

In principle, all switching semiconductor elements such as MOSFETs or IGBTs can be
used as a power switch in the DC/DC converter. As [293] and [294] confirm, highperformance and high-voltage are generally achieved by IGBTs. IGBTs are used in
the following. The clock frequency for driving this IGBT is assumed in this work to
be 8 kHz, which is a common value in the automotive sector. In principle, a higher
clock frequency means a “smoother” current (thus a smaller inductance is required in
the DC/DC converter), but also higher switching losses in the semiconductors. A corresponding compromise must be found.
Losses of the DC/DC converter For the evaluation of the system topology, various
performance classes of a semiconductor dual-packs (two IGBT per module) are selected
by Infineon (see Table A.2). However, the evaluation of the system topology is also
possible with other power semiconductors, for example from Semicron.
Table A.2: Used dual packs from Infineon by [203].
Product
FF50R12RT4
FF75R12RT4
FF100R12RT4
FF150R12RT4
FF200R12RT4
FF300R12RT4
FF450R12RT4

Nominal
current in A

maximum
voltage in V

Nominal
power in kW

50
75
100
150
200
300
450

1200
1200
1200
1200
1200
1200
1200

20
30
40
60
80
120
180

The data sheet specifications of these semiconductors are used for the simulation of
the losses, which requires a classification of the semiconductors according to the nominal
power PN,DCDC , and not according to the nominal current, specified in the data sheet.
For the DC/DC converter, the nominal current IN is multiplied by the maximum voltage
UBattmax of the battery (400 V):
PN,DCDC = UBattmax · IN

(A.1)

The inductance of the DC/DC converter is based on the values of the company MTE
Corporation (see Table A.3). The size of the inductance depends on the design. Although
a larger inductance provides smoother power, but it is more expensive.
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Table A.3: Used DC inductances from MTE Corporation by [206].
Product
DCA005003
80RB004
DCA011003
DCA015004
200RB003
300RB003
450RB004

Nominal
DC current in A

Inductance
in mH

Nominal
losses in W

50
80
110
150
200
300
450

1.35
0.75
0.45
0.65
0.4
0.32
0.25

21
35
43
66
75
127
182

The switching losses of an IGBT are caused by a simultaneous current and voltage
load of the semiconductor during the switching process. The switching losses Psw,IGBT
are calculated in principle as follows [295]:
Psw,IGBT = (Eon + Eof f ) · fsw

(A.2)

The variables Eon and Eof f are usually shown in the datasheet as current-dependent
curves [205], the switching frequency fsw that drives the semiconductors is assumed
to 8 kHz in this work. The diode has no classical switching losses, but recovery losses
Prec,Diode , caused by the backward flow of the opposite IGBT. Analogous to the switching
losses, these are calculated as follows:
Prec,Diode = Erec · fsw

(A.3)

The conduction losses Pc of a semiconductor (IGBT or diode) depend on the valve
current flowing through the semiconductor IC [295]:
2
Pc = US · IC,AV + rd · IC,rms

(A.4)

The parameters US or rd can be derived from the output characteristic of the diode
or the IGBT. The procedure for this is shown in [295].
The inductance of the DC/DC converter has a not negligible influence on the efficiency. The losses of these must therefore be calculated additionally, this also confirms
the literature [217]. The losses of the inductance are divided into copper and iron losses.
Due to the low alternating part of the load current, the iron losses can be neglected
compared to the copper losses [296]. This results in the losses of the inductance PL in
the DC-DC converter:
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2
PL = RDC · Irms

(A.5)

The DC/DC converter is controlled by means of “pulse generation”. This generates
a pulse pattern for the upper and the lower valve. Generally, the degree of modulation
a of the DC/DC converter is calculated as follows [200]:
a=

ULV
UHV

(A.6)

The resulting current IBatt is calculated by the voltage drop of the resistor:
IBatt =

ULV − UBatt
R

(A.7)

If Equation A.6 is used in Equation A.7, it shows that the performance can be
parameterised directly by means of the degree of control (UHV is here constant 700 V):
IBatt =

a · UHV − UBatt
R

(A.8)

Since the iron losses of the inductance of the DC/DC converter according to the
literature [296] are negligible, only the copper losses of the inductance are considered.
These scale quadratically with the battery current:
PL (IL ) = PL,N

IL
·
IL,N

!2

(A.9)

The values used for PL,N are listed in Table A.3, the current flowing through the
inductor IL corresponds to the battery current.
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Delta Efficiency in %

Efficiency map of DC/DC converter: Figure A.16 shows the difference in charging
and discharging efficiency of the DC/DC converter.
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Figure A.16: Comparison of the charging and discharging efficiency of the DC/DC converter

Volume, weight, and cost of DC/DC converter: Figure A.17 presents the normalised characteristic of the DC/DC converter for the four parameters over the used
performance levels. The DC/DC converter (Topology 1) rarely shows any changes over
the different performance levels.
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Figure A.17: Normalised weight, volume, cost and efficiency of the DC/DC converters
(Topology 1).

A.3.2

DC/AC inverter

The loss calculation, the efficinecy differences of charging and discharging and the characteristic for the four parameters are shown for the DC/AC inverter below.
Losses of the DC/AC inverter The IGBTs of the DC/AC inverter also are controlled with a frequency of 8 kHz. In Table A.4 the six-packs (six IGBTs per module)
of the company Infineon are listed.
In order to be able to classify the DC/AC inverter by power instead of rated current, the specified rated current IN is multiplied by the intermediate circuit voltage
PN,DCAC(1,200 V ) (700 V, Topology 1) or by the maximum battery voltage PN,DCAC(600 V )
(400 V, Topology 2).
PN,DCAC(1,200

V)

= Ud · IN

PN,DCAC(600 V ) = UBattmax · IN

(A.10)

(A.11)

As can be seen in the Table A.4, the maximum current of the IGBTs is around 450 A.
This also applies to other manufacturers. There appear to be physical limits to the performance of DC/AC inverters. Nevertheless, a few manufacturers also produce IGBT
modules up to 3,600 A (for example Fuji Electric). However, these do not consist of a
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Table A.4: Used six packs from Infineon by [203].
Product
FS25R12RT4
FS35R12RT4
FS50R12RT4
FS75R12RT4
FS100R12RT4
FS150R12RT4
FS225R12RT4
FS300R12RT4
FS450R12RT4
FS50R06RT4
FS75R06RT4
FS100R06RT4
FS150R06RT4
FS200R06RT4

Nominal
current in A

Maximum
voltage in V

Nominal
power in kW

25
35
50
75
100
150
225
300
450
50
75
100
150
200

1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
600
600
600
600
600

17.5
24.5
35
52.5
70
105
157.5
210
315
20
30
40
60
80

single semiconductor, but of several units connected in parallel.
As already mentioned, for Topology 1, a line choke must be connected between the
DC/AC inverter output and the grid connection point. The losses of these can generally
not be neglected. The basis for the simulation is the product line “RL line/load reactors”
from MTE Corporation (see Table A.5).
Table A.5: Used line choke from the MTE Corporation by [206].
Product
RL-04502
RL-05502
RL-08002
RL-13002
RL-16002
RL-25002B14
RL-40002B14
RL-75002B14

Nominal
current in A

Inductance
in mH

Nominal
losses in W

45
55
80
130
160
250
400
750

0.7
0.5
0.4
0.2
0.15
0.09
0.06
0.029

62
67
86
180
149
231
333
630

The semiconductor losses of the DC/AC inverter correspond to those of the DC/DC
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converter from Subsection 7.2.1. The losses of the DC link capacitor can be neglected for
the calculation of the efficiency [216]. In addition to the formulas from Subsection 7.2.1,
which are used for the loss consideration of semiconductors, Casanellas et. al. [297]
provides a method to determine the losses of a semiconductor purely analytically. The
following formulas are used:

Psw,IGBT

1
IC,max
= Ud · IC,max · fsw ·
trN
+ tf N
8
IC,N

1
1 IC,max
+
3π 24 IC,N



Prec,Diode

IC,max
0.38 IC,max
+ 0.015
= Ud · fsw ·  0.28 +
π IC,N
IC,N
0.8
IC,max
+
+ 0.05
π
IC,N

1 M
+
=
8 3π


Pc,IGBT

1 M
−
=
8 3π


Pc,Diode





!!

(A.12)

!2 
 QrrN


!

(A.13)

· IC,max · trrN 

M
VCEN − VC0 2
1
IC,max +
+
cos θ · VC0 · IC,max
IC,N
2π
8

(A.14)

1
M
VF N − VF 0 2
IC,max +
−
cos θ · VF 0 · IC,max
IC,N
2π
8

(A.15)









However, these equations are valid only for the operation of the semiconductors in
a DC/AC inverter with PWM. In addition, some parameters, for example the reverse
recovery time, can not be determined from the data sheet (see Table A.6).
Table A.6: Required semiconductor parameters for the calculation method according to
Cascanellas et. al [297].
Parameter

from datasheet available?

trN
tf N
trrN
QrrN
VCEN
VC0
VF N
VF 0

X
X
X
X
X
X (ca. 1 V by [297])
X
X (ca. 0.7 V by [297])

In the case of Topology 1, the filter losses must be considered in addition to the
semiconductor losses. The losses of the line choke are made up of two components: First,
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the classic ohmic losses (copper losses PCu ) and second the iron losses (PF e ) caused by
the magnetic fields of the inductor [298]:
PCu = RDC · I 2

(A.16)

PF e = k · B α · f β

(A.17)

The parameter k, α, and β are dependent on the iron material and measured by
the manufacturer of the data sheet. The iron losses of a choke can therefore not be
calculated analytically, without knowing the exact details of the used line choke. Since
the B6 bridge consists of six identical valves, which experience the same load on average,
it is sufficient for the loss consideration to investigate a half-bridge. Depending on the
topology (DC/AC inverter combined with DC/DC converter or transformer), the HVintermediate circuit is set to 700 V or varies dependent on the battery voltage. Similarly,
the three-phase voltage is set to 400 V (DC/DC converter) or 200 V (transformer). The
B6 bridge is controlled via a “PWM generator” block. The drive level here is constant
over all power ranges [200]:
ÛAC,L−L
a=2√
3UDC

(A.18)

The power of the DC/AC inverter is set via the grid or the AC-intermediate circuit.
If the DC/AC inverter is connected directly to the grid (Topology 1), the losses of the
line choke PL (IL ) are approximated linearly via the measured phase current according
to the meeting notes with MTE and the data from Table A.5:
PL (IL ) = PL,N ·

IL
IL,N

(A.19)

The used values of PL,N are listed in Table A.5, IL corresponds to the current in one
phase and is measured directly from the ECD.
Table A.7 summarise the description of the used symbols.
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Table A.7: Nomenclature
Symbol

Description

US
rd
Eon , Eof f
Erec

Reverse voltage (IGBT, diode)
Incremental resistance
On, off switching energy
Recovery energy

fsw

Switching frequency

RDC

Ohmic resistance (inductor)

IC

Average conduction current

ICrms

Effective conduction current

Irms

Effective filter current

Efficiency map of DC/AC inverter with filter (Topology 1): Figure A.18 shows
the difference in charging and discharging efficiency of the DC/AC inverter for Topology 1.

215

Delta Efficiency in %

Chapter A. Additional Material

17.5 kW
35 kW
52.5 kW
70 kW
157.5 kW
210 kW
315 kW

0.1

0.05

0

0

20

40

60

80

100

P/Pn in %
Figure A.18: Comparison of the charging and discharging efficiency of the DC/AC inverter (Topology 1)
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Volume, weight, and cost of DC/AC inverter with filter (Topology 1): Figure A.19 presents the normalised characteristic of the DC/AC inverter with filter for the
four parameters over the used performance levels.
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Figure A.19: Normalised weight, volume, cost and efficiency of the DC/AC inverters
(Topology 1).

Efficiency map of DC/AC inverter without filter (Topology 2): Figure A.20
shows the difference in charging and discharging efficiency of the DC/AC inverter for
Topology 2.
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Figure A.20: Comparison of the charging and discharging efficiency of the DC/AC inverter (Topology 2).
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Volume, weight, and cost of DC/AC inverter without filter (Topology 2):
Figure A.21 presents the normalised characteristic of the DC/AC inverter without filter
for the four parameters over the used performance levels.

1

0.8
0.6
0.4

0.2
0
20 kW

30 kW

Weight

40 kW

Volume

60 kW
Cost

80 kW
Efficiency

Figure A.21: Normalised weight, volume, cost and efficiency of the DC/AC inverters
(Topology 2).
The DC/AC inverter shows an increase in the parameters of weight, volume, and
cost. This is due to the comparatively larger number of semiconductors and the larger
performance range of the component in comparison to the DC/DC converter. In addition,
the inverter includes a filter component that causes additional cost, space and weight.
Volume, weight, and cost of DC/AC inverter with filter (Topology 3): Similar
to Topology 1, the DC/AC inverter include a filter, which explains the characteristics.
The transformer shows the strongest characteristic over the three parameters. In terms
of efficiency, all three topologies show similar values, with the only exception being the
transformer, which has a deviation greater than 0.2 % to the others. Especially with
a performance difference of more than 4, the influence of the three parameters weight,
volume and cost becomes apparent in all three topologies.
It is noticeable that the transformer is consistently the worst component, but the
transformer efficiency improves significantly at higher power levels. Since the 600 V
DC/AC inverter does not include an inductor or line reactor in combination with the
transformer, this component is a leader in terms of cost, volume and weight. In the
performance classes 20 kW and 40 kW the DC/DC converter is better than the 1200 V
DC/AC inverter of Topology 1 for all criteria. The 80 kW variants of the DC/DC converter and the DC/AC inverter pf Topology 1 show no difference in size. However, the
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Figure A.22: Normalised weight, volume, cost and efficiency of the DC/AC inverters
(Topology 3).

weight of the inverter is less than the weight of the DC/DC converter. The DC/DC
converter is the most efficient component across all components.
It can be clearly seen that Topology 1 is leading in all respects, except for the costs.
In this consideration, however, the auxiliary units of power electronics, such as cooling
and control, were neglected. Since the transformer is air-cooled, no cooling is needed,
even a control is not necessary. Here, however, it is again pointed out that the real costs
of the system topology B will be significantly higher due to the individual design of the
transformer. A major difference within the topologies can be seen only in the efficiency
of Topolgoy 2. The variant with the 20 kW DC/AC inverter is slightly more efficient
than the variant with the 80 kW DC/AC inverter. The variants of Topology 1 are almost
identical, with a small difference in cost.
The biggest difference between both system topologies can be observed in weight and
volume criteria. Under the assumptions made, that the Topolgoy 2 execution is up to
five times heavier and larger than the Topology 1 execution. In summary, it can be said
that Topology 1 shows the better behaviour for the most part. Especially with a less
powerful configuration of less than 315 kW, the advantages of the Topology 1 increase
over the Topology 2.
As a note for all power electronic components: for a valid price calculation, the other
components (control, cooling, cables, etc.) must be taken into account.
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Transformer

For the following simulation, the parametrisation of the transformer is set to the ABB’s
low-voltage transformer “T3P” (see Table A.8), which is used for voltages between 220 V
and 400 V and produce powers between 10 kVA and 1000 kVA.
Table A.8: Used transformer parameters of “Type T3P” from ABB [208].
Product

Nominal power
in kVA

T3P0020K
T3P0040K
T3P0080K
T3P00160K
T3P00200K
T3P00315K

20
40
80
160
200
315

The losses in the transformers are caused by the same laws as in chokes or inductors.
Thus, the losses are divided into ohmic losses and iron losses. The ohmic losses (or
cooper losses) PCu result to [299]:
2
PCu = RDC · Irms

(A.20)

The iron losses PF e are composed of the hysteresis PH , eddycurrent PEC and scattering losses PS :
PF e = PH + PEC + PS

(A.21)

PH = kH · f · B α

(A.22)

PEC = kEC · f 2 · d2 · B 2

(A.23)

No-load losses PN LL are losses that occur independently of the load on the transformer. These losses are caused by the changing magnetic field in the transformer and
thus essentially correspond to the hysteresis and eddycurrent losses. Load losses PLL are
composed of ohmic losses, eddycurrent losses in the windings, and other wastage losses
[219].
In the data sheets, however, only the losses in the rated power point are given. The
following equation can be used to convert this over the entire performance range:
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I
PT (I) = PN LL + PLL ·
IN


2

(A.24)

For the simulation of the transformer, the concept of ABB, the isolating transformer,
is used. For this, loss data are given only for a ratio of 1:1. For Topology 2, a transformer
with a 1:2 ratio is needed (about 200 V to 400 V). According to literature can be assumed
that the losses of a transformer evenly distributed on the primary and secondary side.
For each transformer side, with Equation A.24, the losses of the transformer can be
calculated separately from the nominal point, and then added again at the end.

Volume, weight, and cost of the transformer: In contrast to power electronic
components, the transformer is a complete system, which can be put into operation
without any additional auxiliary components. The transformer has relatively high constant losses, regardless of whether power is being transmitted or not. For this reason,
the total owning costs is mainly interesting for the transformer operator. These are the
costs that the transformer causes over its life cycle. Main components are the investment
costs, as well as the electricity costs, which are caused by the losses of the transformer.
In principle, it is then usually more economical to spend higher investment costs for a
low-loss transformer, as this pays off over the term [300]. Since specific applications in
this work are not considered further, but they have a significant impact on the operating costs of a transformer, the following only addresses the investment costs of the
transformer. The initial cost of a transformer is mainly influenced by the amount of
raw material used. Especially at higher power, the price per weight remains constant at
about 8 EUR/kg - 18 EUR/kg. The prices were taken from the official price lists of the
respective manufacturers ([210] [212] [211]), all examine Transformers are 1:1 isolating
transformers in the low voltage range. No price lists have been published for ABB’s
transformer, but the weight of the ABB transformers is known from the datasheet. The
above relationship is used to estimate the cost of 15 EUR/kg. Under this condition, the
connection between the costs and the output of a transformer is largely linear. However,
this consideration only applies to common transformers such as the 400 V:400 V lowvoltage isolation transformer shown here. For Topology 2, however, a transformer for a
non-standard voltage level (200 V:400 V) is required. This transformer is then a one-off
production and will cause significantly more costs. However, as it is not possible to obtain information from transformer manufacturers on the specific costs of such individual
production, the above simplified assumptions are continued below.
The transformer shows that all parameters increase with increasing power class. The
influence of the materials and the low demand are responsible for this.
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Figure A.23: Normalised weight, volume, cost and efficiency of the transformer (Topology
1).

A.3.4

Sensitivity Analysis

In the following tables, the data for the sensitivity analysis is listed.
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Table A.9: Data for sensitivity analysis from [203] [205] [206] [207] [208] [209] [210] [211]
[212].
System design

norm. cost

norm. weight

norm. volume

36xDCAC(17.5kW) + 36xDCDC(20kW)
18xDCAC(35kW) + 36xDCDC(20kW)
18xDCAC(35kW) + 18xDCDC(40kW)
9xDCAC(70kW) + 36xDCDC(20kW)
9xDCAC(70kW) + 18xDCDC(40kW)
9xDCAC(70kW) + 9xDCDC(80kW)
4xDCAC(157.5kW) + 32xDCDC(20kW)
4xDCAC(157.5kW) + 24xDCDC(30kW)
4xDCAC(157.5kW) + 16xDCDC(40kW)
4xDCAC(157.5kW) + 12xDCDC(60kW)
4xDCAC(157.5kW) + 8xDCDC(80kW)
3xDCAC(210kW) + 21xDCDC(30kW)
2xDCAC(315kW) + 32xDCDC(20kW)
2xDCAC(315kW) + 22xDCDC(30kW)
2xDCAC(315kW) + 16xDCDC(40kW)
2xDCAC(315kW) + 12xDCDC(60kW)
2xDCAC(315kW) + 8xDCDC(80kW)
32xTrafo(20kW) + 32xDCAC(20kW)
16xTrafo(40kW) + 32xDCAC(20kW)
16xTrafo(40kW) + 165xDCAC(40kW)
8xTrafo(80kW) + 32xDCAC(20kW)
8xTrafo(80kW) + 16xDCAC(40kW)
8xTrafo(80kW) + 8xDCAC(80kW)
4xTrafo(160kW) + 32xDCAC(20kW)
4xTrafo(160kW) + 24xDCAC(30kW)
4xTrafo(160kW) + 16xDCAC(40kW)
4xTrafo(160kW) + 12xDCAC(60kW)
4xTrafo(160kW) + 88xDCAC(80kW)
4xTrafo(200kW) + 23xDCAC(30kW)
2xTrafo(315kW) + 32xDCAC(20kW)
2xTrafo(315kW) + 22xDCAC(30kW)
2xTrafo(315kW) + 16xDCAC(40kW)
2xTrafo(315kW) + 12xDCAC(60kW)
2xTrafo(315kW) + 8xDCAC(80kW)

0.44
0.85
0.99
0.73
0.86
0.76
0.70
0.58
0.82
0.66
0.74
0.83
0.88
0.80
1.00
0.84
0.91
0.00
0.35
0.36
0.64
0.64
0.66
0.79
0.79
0.79
0.80
0.81
0.82
0.90
0.91
0.90
0.91
0.92

0.87
0.94
0.96
0.96
0.98
0.95
0.96
0.96
0.99
0.95
0.95
0.99
0.98
0.98
1.00
0.97
0.97
0.00
0.22
0.22
0.40
0.40
0.40
0.50
0.50
0.50
0.50
0.50
0.51
0.57
0.57
0.57
0.57
0.57

0.91
0.95
0.96
0.98
0.99
0.98
0.96
0.94
0.96
0.96
0.95
0.97
1.00
0.98
1.00
1.00
0.99
0.00
0.33
0.33
0.44
0.44
0.44
0.55
0.55
0.55
0.55
0.55
0.56
0.64
0.64
0.64
0.64
0.64
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Table A.10: Data for sensitivity analysis for Topology 1.
System design

norm. cost

norm. weight

norm. volume

36xDCAC(17.5kW) + 36xDCDC(20kW)
18xDCAC(35kW) + 36xDCDC(20kW)
18xDCAC(35kW) + 18xDCDC(40kW)
9xDCAC(70kW) + 36xDCDC(20kW)
9xDCAC(70kW) + 18xDCDC(40kW)
9xDCAC(70kW) + 9xDCDC(80kW)
4xDCAC(157.5kW) + 32xDCDC(20kW)
4xDCAC(157.5kW) + 24xDCDC(30kW)
4xDCAC(157.5kW) + 16xDCDC(40kW)
4xDCAC(157.5kW) + 12xDCDC(60kW)
4xDCAC(157.5kW) + 8xDCDC(80kW)
3xDCAC(210kW) + 21xDCDC(30kW)
2xDCAC(315kW) + 32xDCDC(20kW)
2xDCAC(315kW) + 22xDCDC(30kW)
2xDCAC(315kW) + 16xDCDC(40kW)
2xDCAC(315kW) + 12xDCDC(60kW)
2xDCAC(315kW) + 8xDCDC(80kW)

0.44
0.85
0.99
0.73
0.86
0.76
0.70
0.58
0.82
0.66
0.74
0.83
0.88
0.80
1.00
0.84
0.91

0.87
0.94
0.96
0.96
0.98
0.95
0.96
0.96
0.99
0.95
0.95
0.99
0.98
0.98
1.00
0.97
0.97

0.91
0.95
0.96
0.98
0.99
0.98
0.96
0.94
0.96
0.96
0.95
0.97
1.00
0.98
1.00
1.00
0.99

A.3.5

Data for the combinatorial approach

In the following tables, the data for the combinatorial approach is listed.
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Table A.11: Data for sensitivity analysis for Topology 2
System design

norm. cost

norm. weight

norm. volume

32xTrafo(20kW) + 32xDCAC(20kW)
16xTrafo(40kW) + 32xDCAC(20kW)
16xTrafo(40kW) + 165xDCAC(40kW)
8xTrafo(80kW) + 32xDCAC(20kW)
8xTrafo(80kW) + 16xDCAC(40kW)
8xTrafo(80kW) + 8xDCAC(80kW)
4xTrafo(160kW) + 32xDCAC(20kW)
4xTrafo(160kW) + 24xDCAC(30kW)
4xTrafo(160kW) + 16xDCAC(40kW)
4xTrafo(160kW) + 12xDCAC(60kW)
4xTrafo(160kW) + 88xDCAC(80kW)
4xTrafo(200kW) + 23xDCAC(30kW)
2xTrafo(315kW) + 32xDCAC(20kW)
2xTrafo(315kW) + 22xDCAC(30kW)
2xTrafo(315kW) + 16xDCAC(40kW)
2xTrafo(315kW) + 12xDCAC(60kW)
2xTrafo(315kW) + 8xDCAC(80kW)

0.00
0.35
0.36
0.64
0.64
0.66
0.79
0.79
0.79
0.80
0.81
0.82
0.90
0.91
0.90
0.91
0.92

0.00
0.22
0.22
0.40
0.40
0.40
0.50
0.50
0.50
0.50
0.50
0.51
0.57
0.57
0.57
0.57
0.57

0.00
0.33
0.33
0.44
0.44
0.44
0.55
0.55
0.55
0.55
0.55
0.56
0.64
0.64
0.64
0.64
0.64

Table A.12: Battery parameter for the evaluation.

Battery
94
Ah
(33 kWh)
94 Ah
(26.4 kWh)
94 Ah
(19.8 kWh)
60
Ah
(22 kWh)
60 Ah
(17.6 kWh)
60 Ah
(13.2 kWh)

Pmax in
kW

norm.
weight

norm.
volume

norm.
cost

efficiency

BoL

62.2

1

1

1

1

EoL1

50.1

1

1

0.8

1

EoL2

37.6

1

1

0.6

1

BoL

40

0.9

1

0.7

1

EoL1

32

0.9

1

0.5

1

EoL2

24

0.9

1

0.4

1
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Table A.13: Power electronic components parameter for the evaluation - part 1.
norm. weight

norm. volume

norm. cost

efficiency

0.0088
0.0128
0.0128
0.0277
0.0406

0.0064
0.0123
0.0116
0.0172
0.0281

0.0153
0.0274
0.0203
0.0455
0.0555

0.9992
0.9993
0.9997
1
0.9995

0.0153
0.0163
0.0205
0.0214
0.0262
0.0400
0.0943
0.1005

0.0384
0.0444
0.0581
0.0762
0.1091
0.1439
0.2685
0.4146

0.9754
0.9749
0.9772
0.9758
0.9777
0.9778
0.9724
0.9789

0.0002
0.0002
0.0004
0.0004
0.0004

0.003
0.003
0.005
0.005
0.005

0.0035
0.0044
0.0065
0.0077
0.0091

0.9902
0.9896
0.9892
0.9886
0.9883

0.1299
0.2076
0.3312
0.3822
0.5723
0.7006
1

0.1546
0.2162
0.3659
0.4300
0.6121
0.7496
1

0.1686
0.2516
0.4020
0.4695
0.6406
0.7800
1

0.7271
0.7352
0.7424
0.7433
0.7461
0.7468
0.7492

DC/DC
20
30
40
60
80

kW
kW
kW
kW
kW

DC/AC (Topology 1)
17 kW
24 kW
35 kW
52 kW
70 kW
105 kW
157 kW
315 kW

0.0163
0.0157
0.0191
0.0249
0.0290
0.0462
0.0688
0.1101

DC/AC (Topology 2)
20
30
40
60
80

kW
kW
kW
kW
kW

Trafo
20 kW
40 kW
80 kW
100 kW
160 kW
200 kW
315 kW
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Table A.14: Power electronic components parameter for the evaluation - part 2.
norm. weight

norm. volume

norm. cost

efficiency

0.0153
0.0163
0.0205
0.0214
0.0262
0.0400
0.0943
0.0943
0.1005

0.0384
0.0444
0.0581
0.0762
0.1091
0.1439
0.2685
0.3163
0.4146

0.9753
0.9749
0.9771
0.9758
0.9777
0.9777
0.9723
0.9786
0.9788

DC/AC (Topology 3)
20 kW
28 kW
40 kW
60 kW
80 kW
120 kW
180 kW
240 kW
360 kW

0.0163
0.0157
0.0191
0.0249
0.0290
0.0462
0.0688
0.0826
0.1101
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Case 1
α=δ=1
β =2
γ = 10
Case 2
α=β =δ=1
γ = 10
Case 3
α=β =δ=1
γ = 10
Case 4
δ=1
α=2
β =2
γ = 10

DC/AC
1

Comp
3

9

41.95

229

1

13.06

3

23

1.75 · 103 240

2

P

P

Sys.
Cost
12.15

Topology 1

1

105

3

DC/DC
1

P

1

112

4

Bat
1

P

9

Comp
4

P

16.26

4

1.86 · 103 244

51.81

Sys.
Cost
15.16

Topology 2

1

23

1

Trafo
1

P

2

109

2

DC/AC
2

P

1

112

6

Bat
1

P

7

Comp
3

P

19.18

3

1.58 · 103 134

43.82

Sys.
Cost
17.39

Topology 3

1

20

1

DC/AC
1

P

2

114

6

Bat
2

P
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Table A.15: Results for system costs and number of components of three topologies and
four application cases.
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Abbreviations
AA-CAES advanced adiabatic compressed air energy storage
B2L battery second life
B2U battery second use
BEV battery electric vehicle
BMS battery management system
BoL begin of life
CAES compressed air energy storage
CCS combined charging system
CIS Commonwealth of Independent States
CO2 carbon dioxide
CSC cell supervision circuit
DAB dual active bridge
DLC double layer capacitor
DoD depth of discharge
E-Mobility Electro-Mobility
ED economic dispatch
EMC electro-magnetic compatibility
EoL1 end of life 1
EoL2 end of life 2
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ECD equivalent circuit diagram
ESS energy storage system
EV electric vehicle
GET global energy transition
HESS home energy storage system
HEV hybrid electric vehicle
HV high voltage
ICT information and communication technology
IGBT insulated-gate bipolar transistor
LCO lithium cobalt oxide
LFP lithium iron phosphate oxide
li-ion lithium ion
LL load losses
LMO lithium manganese oxide
LP linear programming
LTO lithium titanat oxide
MG micro grid
MILP mixed-integer linear program
MOSFET metal-oxide-semiconductor field-effect transistor
MPC model predictive control
NCA lithium nickel cobalt aluminum oxide
NLL no load losses
NMC lithium nickel manganese cobalt oxide
NPE National Platform for Electromobility
OCV open-circuit voltage
232

ODE ordinary differential equations
OEM original equipment manufacturer
OPF optimal power flow
PHEV plug-in hybrid electric vehicle
PV photo voltaic
PWM pulse-width modulation
RES renewable energy source
s-box safety box
SEPIC single ended primary inductance converter
SME storage management electronic
SMES superconducting magnetic energy storages
SoC state of charge
SoE state of energy
SoH state of health
SoP state of power
TSO transmission system operators
USCD University of California San Diego
UPS uninterruptible power supply
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