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Executive Summary

As a result of the acceleration of the energy transition toward 100 % renewables worldwide,
the existing structures in electricity networks are drastically changing, and there are entirely
new demands on both, network- and system stability. Flexibility through storage is one of the
most promising technology developments to counter the emerging problems. Due to the
sharp fall in prices and outstanding technical characteristics, lithium-ion battery energy
storage systems promise to be a cost-effective option for providing the needed flexibility.

Installations of stationary battery energy storage systems are mostly operated exclusively in
a single application. As of today, the majority of applications for battery storage in Germany
consist of systems increasing a single-family households’ self-consumption and systems
which are designed to solely serve network purposes (for instance, to participate in the
market for primary control reserve). However, the results of this thesis indicate that the
stacking of applications on a single system adds additional income streams making these
systems economically advantageous over single systems with individual applications.

The central problems for the implementation of such multi-purpose systems are i) the
regulatory frameworks for the classification and legal treatment in electricity networks and ii)
the technological handling to enable simultaneous participation in multiple markets.

To overcome these problems, this thesis gives an overview of lithium-ion stationary battery
storage systems, their characteristics, applications, and an outlook on promising
combinations of applications in the form of case studies.

Atechnical framework introduces an approach for the design, implementation, and operation
of a multi-purpose battery energy storage system. Finally, under the current (2017)
regulatory framework in Germany, three business models for such systems are discussed.

The technological and logical implementation of multi-purpose concepts seems to be
practical. Considering the characteristics of different applications as well as resulting load
profiles and operating conditions, a large number of applications can be combined in a
technical and economically meaningful way with one another.

The legal handling of such systems can only be seen under current regulatory context and
appears to be much more complex. In particular, the legal and regulatory definition of battery
storage systems in electrical networks is the greatest obstacle throughout many markets.

Multi-purpose battery energy storage systems can help answer many of the current as well
as emerging problems in electricity networks. However, the interplay of larger fleets of multi-
purpose battery storage systems in networks and very large system setups have yet to be
investigated. In particular, it is recommended to work on new standards for the operation and
definition of multi-purpose battery storage systems in electricity networks.



Kurzfassung

Durch die Beschleunigung der Energiewende auf 100% erneuerbare Energien weltweit
verandern sich die bestehenden Strukturen in den Stromnetzen drastisch, und es gibt vollig
neue Anforderungen an die Netzwerk- und Systemstabilitat. Flexibilitat durch Speicherung
von elektrischer Energie ist eine der vielversprechendsten technologischen Entwicklungen,
um den aufkommenden Problemen entgegenzuwirken. Aufgrund des starken Preisverfalls
und der herausragenden technischen Eigenschaften versprechen Lithium-lonen-Batterie-
Energiespeichersysteme eine kostenginstige Moglichkeit, die bendtigte Flexibilitat
bereitzustellen.

Installationen von stationaren Batteriespeichersystemen werden meist ausschlief3lich in
einer einzigen Anwendung betrieben. Die Mehrheit der Anwendungen fir die
Batteriespeicher in Deutschland genutzt werden besteht aus Systemen, welche den
Eigenverbrauch von Einfamilienhauser erhéhen und Systemen die ausschlieBlich flr
Netzwerkzwecke eingesetzt  werden sind (z.B. die  Teilnahme am
Priamarregelleistungsmarket) . Die Ergebnisse dieser Arbeit zeigen jedoch, dass das
Stapeln von Anwendungen auf einem einzigen System zusatzliche Einkommensstrome
hinzufligt, die diese Systeme gegenlber einzelnen Systeme mit individuellen
Anwendungen wirtschaftlich vorteilhaft machen.

Die zentralen Probleme bei der Umsetzung solcher Mehrzweck-Systeme sind i) die
regulatorischen Rahmenbedingungen fir die Einstufung und rechtliche Behandlung in
Elektrizitatsnetzen und ii) die technologische Abwicklung, um die gleichzeitige Teilnahme
an mehreren Markten zu ermoglichen.

Um diese Probleme zu Uberwinden, gibt diese Arbeit einen Uberblick tiber Lithium-lonen-
stationare Batteriespeichersysteme, deren Eigenschaften, Anwendungen und einen
Ausblick auf vielversprechende Kombinationen von Anwendungen in Form von Fallstudien.

Ein technischer Rahmen stellt einen Ansatz flir die Konzeption, Implementierung und den
Betrieb eines Mehrzweck-Batteriespeichersystems vor. Schliellich werden beispielhaft
unter dem derzeitigen Regulierungsrahmen (2017) in Deutschland drei Geschaftsmodelle
fur solche Systeme diskutiert.

Die technologische und logische Umsetzung von Mehrzweckkonzepten scheint praktisch
zu sein. Unter Berticksichtigung der Eigenschaften unterschiedlicher Anwendungen sowie
daraus resultierender Lastprofile und Betriebsbedingungen kénnen eine Vielzahl von
Applikationen technisch und wirtschaftlich sinnvoll miteinander kombiniert werden.

Die rechtliche Handhabung solcher Systeme ist nur unter dem aktuellen regulatorischen
Kontext zu sehen und scheint viel komplexer zu sein. Insbesondere die rechtliche und
regulatorische Definition von Batteriespeichersystemen in elektrischen Netzen ist das
groéfte Hindernis in vielen Markten.

Mehrzweck Batterie-Energiespeichersysteme kdnnen dazu beitragen, viele der aktuellen
sowie aufkommende Probleme in Stromnetzen zu I16sen. Allerdings ist das Zusammenspiel
von gréferen Flotten von Mehrzweck-Batteriespeichern in Netzwerken und sehr grof3en
Systemen noch zu untersuchen. Insbesondere wird empfohlen, an neuen Standards fur
den Betrieb und die Definition von Mehrzweck-Batteriespeichern in Stromnetzen zu
arbeiten.
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1 Introduction

First, the issues examined in this thesis are placed in context. Then, a comprehensive review of
prior and recent knowledge regarding stationary battery storage systems is provided to
emphasize the central theme, which is the current situation in the energy market and technology
and the present challenges for improving and adoption stationary battery energy storage
technology. From this information, the hypothesis of this thesis is derived, and the research
procedures are presented.

1.1 Motivation

The electricity industry is undergoing a major change that other sectors, for example,
communications and computing, have already experienced. A major challenge in the 21%
century is to ensure energy provision and safety in a clean and reliable way. The awareness of
climate change and the impact of exploiting fossil fuel resources in our daily lives are increasing
[1-3]. Politicians worldwide have reacted to the challenges and the protection of nature via large-
scale arrangements and policies [4]. A transition from the old method of producing, transporting
and using energy has begun and is a major topic in daily political decisions. One of the many
supporting elements of the world’'s energy transition is the integration, adaptation, and
exploration of renewable energy resources. Environmentally friendly and supportive ecological
technologies such as solar systems, wind turbines, tidal force power plants, biomass plants and
biogas facilities are only a few of the many renewable energy technologies (RETs) that humanity
is pursuing for the future. In the second half of the 215t century, it is thought that RETs will play
a major role in providing energy. Such awareness in both politics and society has led to actions
in countries such as Germany, which set a goal of an 80% share of renewables in 2050 [5]; the
Netherlands and Norway set incentives to register new cars that do not contain a combustion
engine by 2025 [6, 7], and Tesla Inc. pre-sold 400,000 model 3 full electric vehicles in 2016 [8].

One of the most valuable and reliable solutions for renewable energy harvesting is the
installation of distributed energy resources (DER), specifically renewable energy power plants.
For instance, over the past decade, solar systems have emerged to play a major role in the
provision of energy in the future. In Europe, 94,568 MWp of solar power has been installed by
the end of 2015 [9]. In the US, 35,800 MWp of solar power has been installed by the end of
2015 [10].

In general, the demand for electricity is time and location dependent. Time dependency refers
to the fact that any electrical energy consumed must be produced at the same moment. The
correct balance between electric power demand and the production of electricity must constantly
be maintained. Imbalances in the electric system lead to extensive network problems and
require systems to engage in the balancing of power and energy [11-13]. Because of the history
of modern industrialized countries and the development of energy grids, the majority of electric
energy in industrialized countries is centrally produced in large, mostly fossil-fuel-based power
plants and distributed through widespread electric grids to the end consumer. The origin of this
arrangement is that power plants were originally situated at geographical points of interest, e.g.,
valleys for water power plants, outside of urban areas because of safety issues associated with
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large coal-fired or nuclear power plants or for colocation with rivers for plants requiring cooling
water. A secure electricity grid depends on a constant balance of generation and demand and a
well-maintained and constantly functioning electricity grid. In the case of an error in a power line,
the underlying grid structure is in danger of congestion and, in the worst case, a blackout [14].

The key challenge for stable and green future energy production, transport, and utilization is the
interaction of new technologies. Energy production and consumption are no longer time-
coupled. Solar insolation and wind power as energy sources are not always available for
consumption because of the seasonal differences, which disturb the equilibrium between energy
need and demand in different seasons. Possible solutions to this problem include energy-
efficiency projects, demand-side management, energy storage and the transition from electric
energy to other physical storage. Electrical energy storage systems (EESs) are seen as a
promising technology to solve one part of the overall challenge, the integration of renewable
energy producers. One technology currently available (as of 11/2016) to overcome this hurdle
is lithium-ion battery (LIB) technology. With the increase in available products in the consumer
markets, e.g., smartphones, wearables, and electric vehicles, LIB research has increased
significantly over the past decade.

However, LIB research at all levels of expertise, i.e., cell-level, module-level, and system-level
research, along with legal, jurisdiction, and economics investigations, must be accelerated
further with a focus on market-oriented solutions to make LIB technology available worldwide.
This thesis presents LIB technology as a key EES in the near future. Stationary LIB technology,
in particular, is considered a major component for a greener future. In the next sub-chapter, a
short introduction on the definitions for single-, multi-, and general-purpose technologies is
given, and the objectives and hypothesis of this thesis are derived from these definitions.

1.2 Multi-purpose Technology and the “Energy Neighbor” Prototype System

The following material will briefly introduce the idea of a multi-purpose technology, and the basis
for this thesis, the outcome of a scientific project [15], namely, the prototype battery energy
storage system (BESS) called the “Energy Neighbor.”

In general, the literature differentiates technologies according to their general use or a number
of applications. So-called single-purpose technologies (SPTs), e.g., a coffee machine, are
intended for a single application and serve a single specific need. General-purpose technologies
(GPTs), e.g., a personal computer or microprocessor, operate freely and can be used for
numerous applications [16] without specific knowledge of the theoretical potential of the
technology beforehand. General-purpose technology concepts were first mentioned by Gilles,
Williamson and David [17-19], but they were distinctively identified by Bresnahan and
Trajtenberg [20] as “[..] characterized by the potential for pervasive use in a wide range of sectors
and by their technological dynamism [..]” [16] added to the definition, describing GPT “[..] as a
technology that initially has much scope for improvement and eventually comes to be widely
used, to have many uses, and to have many spillover effects [..]". Describing GPTs and SPTs
leads to a definition for multi-purpose technology (MPTs). [21] analyzed several technologies,
e.g., lasers and X-rays, fitting the definition of GPT but lacking key indicators [22] clearly
identifying them as GPTs. [21] addressed this gap and extended the definition of [23] MPTs as
follows:
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A multi-purpose technology [..] is a technology that has several distinct, economically
relevant applications primarily focused on one or a few sectors, yet lacks the
technological complementarities of general-purpose technologies. [21]

Further definitions must include applications, which serve as the major identification aspects for
MPTs. In the given definition, the applications must be characterized by specific sources of
economic value and must address a specific customer group. In other words, the characteristics
of MPTs include different sources of value creation and use by various customer groups. Such
technology can be inserted into entirely different value-creating environments and serve
completely different customers, value drivers, and competing technologies. In this thesis, BESS
devices are defined as MPTs; and neither their full market potential nor the customer value
creation potential has previously been estimated (as of 10/2016).

In the following work, a mixture of technology statements describing BESS devices as MPTs,
i.e., multi-purpose BESSs (MP-BESSSs), descriptions of system design and boundaries, and
economic evaluations are presented. Additionally, this work proposes business models for the
proposed MP-BESS system architecture and discusses each model with regard to the legal and
regulatory framework in Germany as of 10/2016.

— i\

Figure 1 — 3D rendering of the Prototype Community BESS, the Energy Neighbor (graphics by Christian
Huber).

Under the auspices of the research project EEBatt [15], a prototype MP-BESS called the
“Energy Neighbor,” [24] (Figure 1) was created at the Technical University of Munich [25] and is
currently in use. The author, who acted as the manager of the project during its four-year
duration, worked closely with the scientific members to achieve the project’s goals. The Energy
Neighbor is an MP-BESS based on LIB technology. Its technical data are given in Table 2. This
device will serve as a reference system as the MP-BESS technology is discussed throughout
this thesis.

After an introduction to SPTs, MPTs, GPTs, and the demonstrator system, the Energy Neighbor,
the main issues of this work are summarized, the objectives and goals are given, and the thesis
procedure is presented.
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1.3 Structure of this Work

Currently, the presence of several technological, legal and economic hurdles impedes large
scale installation of BESSs. The main topic and first core issue of this thesis is the investigation
of the technical and legal functionality of LIB BESSs, which originates from the missing
economic value of LIB BESSs in many cases [26] as of today (10/2016). First, the legal
framework conditions, based on the assessment of Germany as a leader in the worldwide
energy transition, prevent BESSs from broader implementation and free participation in the
existing energy markets in Europe. Non-discriminating and open regulations and frameworks,
however, are necessary for a larger rollout of BESSs in grids. Henceforth, the stakeholders and
applications for operating a BESS are analyzed and explained. The second core issue is finding
a proper legal framework for the operation and technical architecture of such systems to
increase the economic value. Therefore, BESS devices are defined as MPTs, and a concise
framework, i.e., a simulation model and business cases for such systems, is provided. Both of
the core issues are examined in detail, and solution suggestions are given for each topic.

The scheme in Figure 2 provides a better understanding of the chapter interconnections and
progress clarification.

This thesis, “Stationary Lithium-lon Battery Energy Storage Systems: A Multi-Purpose
Technology,” focuses on stationary LIB BESSs and explaining their general structure and
function as stationary electricity storage (SES), laying out the possibilities for integration in
different voltage grid levels, describing the associated applications and proposing a novel
approach for operating LIB BESSs as MPT carriers with the potential for reducing cost and new
business models. In Chapter 1, the context of this thesis and a short introduction to the
nomenclature critical for understanding the matter are given. In Chapter 2, the basics of BESS
technology and specific background information required for this work are explained.

Core Issues:
Missing Economic Value and Legal Framework
I
Basics ‘
hapter 2.1/ 2.2 L
Chapter 2.1/ Applications
Legal Framework Chapter 3
Chapter 2.3
z .
Experimental and Case Studies
Chapter 4
Multi-Purpose BESS Business Models
Chapter 5 Chapter 6

Figure 2 — Quick overview of the fundamental topics, solution approaches, and relating chapters.

Subchapter 2.3 expressly provides a comprehensive view of the legal framework for BESSs in
Germany as of 10/2016; relevant parts of this thesis were written under the same circumstances
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and distinct legal entities. For the general nomenclature in this work, Chapter 3 defines the most
common applications for BESSs and lists the subchapters that investigate the applications. The
information given is used for a detailed description of MP-BESSs and their functionality. The first
core chapter, Chapter 4, presents two excursuses, the results from six case studies that were
investigated during the experimental work of this thesis and conclusions regarding the state of
BESSs in the context of the core issues of this work. The two following core chapters, Chapters
5 and 6, provide information on the configuration of the simulations performed, key ideas, and
theories for the proposed matter and present the business models to legally operate the
suggested MP-BESS in Germany. In the concluding Chapter 7, the core issues and results of
this thesis are reviewed and summarized, and a comprehensive outlook on energy markets
worldwide and in Germany and perspectives on the future for BESSs as MPTs are given.



2 Basics of Stationary Battery Storage Systems

This chapter provides an overview of the technical configuration of a stationary BESS and its
related subsystems, states the basic considerations regarding the safe operation of BESSs in
stationary applications and explains why this work focuses on LIB technology. Reasons are
specifically provided for choosing the LFP/C (lithium iron phosphate) LIB cell chemistry for both
the Energy Neighbor and the MP-BESS simulation. When approaching a technology such as
LIB BESSs, the specific technical configuration is quite necessary; e.g., the coupling of a BESS,
whether it is DC-coupled or AC-coupled, influences the economic value of the BESS because
of a change in round-trip efficiencies, operation modes or other considerations. Thus, the
fundamental technical arrangement of a BESS is explained, and insights are given on the
specifications and their importance for further investigations. The basic concepts of BESS safety,
as explained in the following subchapters, are introduced, and the most relevant methods and
regulations for safe operation are given as further background information. Additionally, the
fundamental legal framework in Germany covering BESSs/SESs, in general, is introduced and
the respective stakeholders analyzed. This topic will be revisited in Chapter 6 when business
models for MP-BESSs are presented.

Core Issues:
Missing Economic Value and Legal Framework
‘ |
Basics
Chapter 2.1/ 2.2 o
aper Applications
Legal Framework Chapter 3
Chapter 2.3
v v
Experimental and Case Studies
Chapter 4
Multi-Purpose BESS Business Models
Chapter 5 Chapter 6

Figure 3 — Progress of work in Chapter 3.

2.1 A General View of Electrical Energy Storage Systems

EESs provide flexibility for decoupling fluctuating energy production and consumption over time
and are a key component in the worldwide reduction of carbon emissions. EES technologies
have the ability to cope with modern electric grids and are driven by development goals
regarding smart infrastructure and smart grids to achieve carbon emission reduction targets.
Historically, EESs served customers by reducing electricity costs, improving the reliability of the
power supply in critical systems and fostering enhanced power quality, frequency regulation
power and voltage quality in grids. In the near future, the role of EESs will shift from these
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common techniques to new business models, applications and inter-industrial functions, e.g.,
the coupling of the heat and power sectors. Emerging markets in on-grid or off-grid areas are
expected to present major problems in the near future. The quality of life is rapidly improving
worldwide, and these advancements are increasing the demand for electricity in all sectors in
all countries. EESs are expected to lead to a significant improvement in grid reliability and allow
for a second electrification wave around the globe. Modern EES technologies can be used to
assist the integration of RETs into existing grids and the implementation of such systems in
areas where electric grids do not exist. Many industrial countries have adopted EES
technologies to avoid expensive grid construction. The requirement for uninterrupted, elastic
power and energy supply and long distances between consumption and generation directly lead
to greater EES needs in the future [27].

Independence from fossil
[ co, reduction | fuels
|

|
“More renewable
energy, less fossil

fuel”
On-Grid Area Off-Grid / Island Area
Renewable generation EV powered by
electricity from less or
non-fossil energy
sources
v v Electrical Energy
Power fluctuation Unreliability Storage
Difficult to maintain Difficult to meet * Substitution of
power output power demand diesel generators

|
I Electrical Energy Storage

* Increase self consumption of

| dispersed PV energy in households
| for low voltage grid release

il Time shifting of wind and PV energy
|

|

|

|

|

Electrical Energy Storage

+ Stabilize wind and PV
output in low, medium
and high voltage grids

Partial load operation of
thermal power (inefficient
operation)

in low and medium voltage grids

Excessive RE installation to secure
sufficient generation capacity

Reinforce transmission facilities to cover
wider areas to utilize wind farms’
smoothing effects

|l ———————=

Figure 4 — Problems in DER adoption, specifically COzreduction and the independence from fossil fuels, and

possible solutions. Based on [28].

Figure 4 shows the different areas where EESs have been implemented and participate in grid
stability and functionality. The specific differentiation between the on-grid and off-grid areas
depicts the different approaches EES integration will follow. In on-grid areas, two main factors
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drive EES integration. First, EESs serve to moderate the output fluctuations of RETs in grids in
addition to overtaking the frequency regulation, which is conventionally provided by managing
the output of thermal generators to provide control power and allow them to run with a higher
efficiency. Second, because RET production is unpredictable and a favorable output time per
day is not controllable, RET installations may have overcapacity, which leads to even higher
output fluctuations. These fluctuations may be managed in the future by fleets of EESs in new
self-regulating markets or by stakeholders who share a common need for constant power output.
In off-grid scenarios, the main driver for RET installation is the substitution of diesel generators.
For a complete change from fossil fuels to 100% RETs, island structures with strict
electromobility concepts and SESs are the most promising technologies.

EESs can provide time shifting, power quality, efficient use of the existing grid, island grids and
emergency power. Additionally, electric vehicles and mobile applications are expected to create
a reasonably high demand for EESs in the future. The suitability of an EES technology for one
of the aforementioned roles, which will be differentiated and explained in more detail in Chapter
3, is determined by the number of cycles and operating time. The number of cycles determines
how often an EES must be charged and discharged completely to serve a specific purpose and
the operation time defines how often these cycles occur in a given time period. In the following
material, each EES technology mentioned in Figure 5 is put into perspective, and their features
and a brief description of their functionality and advantages and disadvantages of specific
technologies are provided.

Electrical energy storage systems

Mechanical Electrochemical Electrical
Secondary Double-layer
Pumped hydro batteries Capacitor
. . Superconducting
Compressed air Flow batteries magnet coil
Flywheel Chemical Thermal

Sensible heat

Hydrogen storage

Figure 5 — Classification of EESs. Based on [29].

In general, five different classes of EESs exist, as depicted in Figure 5: mechanical,
electrochemical, chemical, electrical and thermal EESs. These EES groups often contain
subgroups, e.g., secondary batteries are sub-grouped under electrochemical EESs, which will
not be mentioned in the following material because the focus of this work is on LIB BESSs.
Other technologies will be briefly described for overview purposes.
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Pumped hydro storage (PHS) stores more than four-fifths of the world’s renewable electricity
[30]. Because of its associated challenges in terms of development, PHS is not commonly used
as residential storage. In general, PHS relies on water reservoirs: one upper reservoir (UR) and
one lower reservoir (LR). Electricity is stored by pumping water from the LR into the UR and is
retrieved by allowing the water to flow back. Modern turbines achieve efficiencies of 70% to 85%
[27]. The advantages of this technology are the easy mechanical and technical development,
the possible use of local technical knowledge and the high turnaround efficiency" [29, 32].

Compressed air energy storage (CAES) stores electricity in the form of compressed air in tanks
or caverns under high pressure. Energy is retrieved by allowing the compressed air to flow out
of the cavern or tank and decompress while driving a turbine for energy generation. The
efficiency of CAES ranges from 40% to 60% depending on the specific setup of a unit. In cases
in which the heat of compression is recovered, the efficiency can be as high as 70% [29, 33].

Chemical energy storage in the form of e.g. hydrogen as an energy carrier is an existing
technology. Electricity is stored by generating hydrogen via water electrolysis and saving the
hydrogen in tanks or caverns. Energy is retrieved by powering any machine that can use
hydrogen as a fuel or by directly injecting hydrogen into a fuel cell, where it can react with oxygen
to generate electricity and water. A disadvantage of such systems is their efficiency of
approximately 32% [34] to 66% [35] for a full energy cycle. [31]

Double-layer capacitors (DLCs) are in general similar to traditional capacitors. DLCs consist of
two serial connected interphases electrolyte/electrolyte, resulting in large electrostatic capacity
at a limited voltage (below 3V) energy is stored in the form of charge accumulation on both
electrode sides [36]. Energy is retrieved by releasing the electric charges from the electrodes
through external loads. DLCs provide only small amounts of energy, but they can provide high
power peaks for short time periods.

Superconducting magnetic coil energy storage (SMES) stores electric energy in a magnetic field
produced by superconducting windings in the magnetic coil. Because SMES requires cryostatic
conditions to ensure that the windings are superconducting, large-scale implementation of the
technology and experiments has not taken place. [37]

Thermal storage is not explained in detail because of its novelty and mostly one-way function
for storing electric energy, i.e., this technology is expected to be used more for sector coupling
in the future and differentiated use of electrical energy rather than storage.

During the experimental work for this thesis, the literature and research were used to evaluate
the aforementioned EES technologies and determine their typical applications or application
modes (APMs). Table 1 provides an overview of APMs in relation to the EESs introduced in
Figure 5 and their qualitative ability to serve a specific APM.

The APMs mentioned in Table 1 provide the basis for a better understanding of chapter
interconnection and progress clarification.

! “Cycle efficiency, also named the round-trip efficiency, is the ratio of the whole system electricity output to the
electricity input.” [31]
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Table 1 — Energy storage systems and their ability to serve a specific APM according to [31, 38] and own
research [39] (more stars = higher ability). Abbreviations: CAES — compressed air energy storage; AA-CAES
—advanced adiabatic compressed air energy storage; NaS — sodium sulfur; Li-lon — LIB; DLC — double-layer
capacitor; SMES — superconducting magnetic energy storage; H2 —hydrogen energy storage; FES — flywheel
energy storage.
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BESSs offer a full-range capability over all of the identified APMs in the electric grids. Table 1
provides an overview of EESs and their ability to serve a specific APM. Because of their
scalability, high efficiency, long lifetime and fast reaction times [40], lithium BESSs are able to
fulfill most requirements for common applications in grids. In addition to lithium BESSs, which is
the focus of this work, other technologies have been the subjects of recent research (e.g., redox-
flow) [41] or have already been applied to the market (e.g., lead-acid) [42]. This work is focused
on LIB technology for multiple reasons.

First, the LIB is the current (11/2016) focus of battery technology research based on an analysis
of the DOE database [43] provided by Sandia National Laboratories’. Currently, there are 1,628
EES projects, of which 985 involve electrochemical storage and 625 are lithium-ion technology-
based.

Second, the market for LIB technology has seen major price reductions [44], and further price
reductions for stationary BESS can be expected in the near future too. It is common sense that
the price on for stationary BESS will follow the trend vehicle batteries showed. Current BESS
prices for a complete system range from 600 €/kWh up to more than 1,200 €/kWh. A self-
performed study of worldwide commercially available systems, which was outlined from 01/2016
until 12/2016, identified n = 483 commercially available lithium-ion BESSs in with a mean value
of 1,168 €/kWh for storage between 3 kWh and 1.8 MWh. See chapter 4.7 for further details on
the study.

2 The DOE Global Energy Storage Database provides free, up-to-date information on grid-connected energy storage

projects and relevant state and federal policies in the U.S.
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Third, because of the previously mentioned research focus, a significant amount of scientific
work can be expected along with an increase in patents and commercial systems. Research on
lithium-ion-cell technologies and the chemistries of the presented systems has increased by
more than a factor of 16 from 1990 to 2014 [45]. In addition to their broad capability for serving
many APMs with high efficiencies relative to other technologies, lithium-ion systems are a
favorable system technology in terms of geographical requirements. Unlike pumped hydro
storage systems or compressed air EESs, lithium-ion systems are independent of geographical
constraints and easily scalable.

2.2 Technical Framework for BESSs

Subchapter 2.2 explains the structural development of BESS systems and their components. In
general, LIB BESS system components consist of the following:

= Battery cells

= Battery management system (BMS)
= Battery cell modules (BMs)

= Energy management system (EMS)
= Power electronics (PE)

= Battery module racks (BRs)

= Containment

On battery management systems

The BMS ensures the safe, reliable and long-lasting operation of the individual battery cells in
the BMs and BRs of a BESS. In general, there are three main different types of BMS topologies.

= Centralized BMS
= Decentralized BMS
= Master/slave BMS

In most cases, master/slave topologies are applied in BESSs because of their favorable safety
features, the possibility for redundant design and cost-effectiveness compared to centralized
and decentralized BMS [46]. The fundamental task of the BMS is to secure individual serial cell
blocks of BMs so that at any operation time they are in a safe operation area (SOA). SOAs are
mostly defined by the technical parameters of a single LIB cell and are defined by the
maximum/minimum temperature, maximum/minimum cell voltages, and maximum/minimum
cell currents. The slave BMS (SBMS) monitors each individual cell parameter to assist the
master BMS (MBMS) in determining state variables. The state variables mirror the current
technical state of a BESS. Commonly used state variables include the state of charge (SOC)
[40], which reflects the amount of energy that has been charged into an LIB cell relative to its
maximum energy capacity, and the state of health (SOH) [40], which reflects a cell's aging
through the increase in the LIB cell inner resistance and the capacity fade after time in operation
relative to an LIB cell’s initial capacity and inner resistance. Recently, other state variables, e.g.,
the state of safety (SOS) [47] or state of function (SOF) [48] have been introduced, but they will
not be addressed further in this thesis. A second core feature of the SBMS is the coordinated
discharge of single serial cell blocks in a BM to balance the differences between cell blocks due

11
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to manufacturing inaccuracies or temperature imbalances inside a BM, which can both lead to
different chargeable capacities per charge/discharge cycle. The BMS communicates mainly via
the BUS system, but there are new developments toward wireless BMSs [49]. Typically, SBMSs
are measuring devices, and a MBMS consists of appropriate controlling interfaces, e.g., high-
voltage relays or insulation monitors, logging and communication infrastructure. Beside subunit
redundancy, MBMS functionality is implemented by doubling software-code and hardware
structures to achieve reliability on a single MBMS.

On battery modules

When LIB cells are interconnected to modules, different types of serial and/or parallel
connections lead to BMs. A BM provides usability, safety, and reliability to the BESS. Other
reasons for packaging LIB cells into BMs are restrictions on the maximum DC voltage in a single
system, i.e., < 60 VDC low-voltage (LV) systems or maximum weight for handling purposes.
Figure 6 depicts a module of the Energy Neighbor system, which was introduced in Subchapter
1.2. This specific module is comprised of 192 cells with a total capacity of 1.84 kWh. The full
technical data for this module and the Energy Neighbor are provided in Table 2.

Figure 6 — An Energy Neighbor battery module composed of 192 SONY LFP/C 26650 cells providing 1.84 kWh
of energy. (Rendering by Christian Huber).

On energy management systems

EMSs are active and self-operating systems within a BESS, and they appear in several layers
of BESSs. Mainly, EMSs coordinate energy and power flows in BESSs [50, 51] by incorporating
all the necessary information, e.g., SOC, SOH, external loads, and BESS temperature, and
directing it along with an operational strategy (OS) for the overall power flow of a BESS. EMSs
can be built in a variety of topologies, similar to BMSs. However, a top-layered active EMS with
EMS subunits is currently the most common EMS in BESSs. A top EMS controls the overall

12
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BESS power flow constantly through communication with sub-EMS systems to coordinate the
internal state variables, which are derived from the MBMS, measured by the SMBS.

On power electronics and BESS efficiencies

PE for LIB BESS are of interest because of efficiency problems. A LIB cell, specifically the cell
used in this work, an LFP/C cell, reaches different voltages during charging and discharging.
For instance, a SONY26650FTC cell ranges from 2.0 V in cut-off voltage to 3.6 V maximum
charging voltage. Thus, a module composed of the aforementioned 192 LIB cells arranged in a
16s12p order will show a cut-off voltage of 32 V and a charging end voltage of 57.6 V.
Furthermore, the Energy Neighbor’s battery module racks consist of 13 modules, which results
in a cut-off voltage of 416 V and a charging end voltage of 748.8 V. The full technical data are
available in Table 2.

Ustack,max = Ucell,max * ncells,module * Mynodule.rack

1)
Ustack,max =36V *16*13 =7488V

cell,min * ncells,module * Mmodule.rack

Ustack,min =20V=+16%x13 =416V

Ustack,min

2)

Thus, a power electronic component for a LIB BESS must be able to accommodate intermediate
circuit voltages of 420 V to 750 V with adequate efficiency under a partial load. Figure 7 depicts
the trade-off between a PE unit that operates (e.g., on small loads) with high efficiencies but
lacks DC link voltage support for low voltage levels.

Voltage of battery module rack

Not useable DC link voltage PE

416 V 580V 748.8 V

Figure 7 — Possible operating voltage areas for the PE and LIB module racks of the Energy Neighbor.

The efficiency of a BESS may be given by

Npess = Npe * Nrip * lsys 3)

where npg represents the efficiency of the power electronics, e.g. losses in the IGBTs, ;5
representing the LIB’s efficiency and sy the system’s architectural losses, i.e. stand-by power
losses or climate system losses. The LIB round-trip efficiency is described as

t
fo P”Bdischarge(t)*dt *

t
fo P”Bcharge(t)*dt

100 4)

Nuig =

the ratio between the discharged energy P discharge OVET @ period t and the charged energy

PLiB g OVET @ period t or a specific number of equivalent full-cycles and the condition that the

initial and final state of charge are identical; thereby P; ;g reflects the DC power on the
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connection of the batteries. Any LIB internal units, e.g. a BMS or EMS component, may lower
this ratio. The PE’s efficiency is given by

t t
fO PLIBcha'rge(t)dt and _ fO PBESSdischarge (tdt
rlPEdischarge - ®)dt

Np Echarge -

©)

f(f PBESScharge (Dat fOt PLIBdischarge
as the ratio between total energy charged into the LIB PL,Bchmge and the total energy consumed
by the BESS PpEsscparge OVEr @ period t; equal for discharge scenario; thereby PRESS charge
reflects the AC power on the connection of the batteries PE units. Hence, the round-trip

efficiency of a PE unit in a BESS follows

= *
NpE lIIPECharge rlPEdischarge (6)

Similar the BESS efficiency ngys is given by additional consumers in the BESS; these may not
be a part of either the LIB, accordingly, embodied BMS and EMS systems, or the PE units.
Hence, nsys describes stand-by losses, losses for automated climate control inside the system,
losses for safety equipment as well as servers or other communication technology

t t
_ Jo PBESScharge(t)dt an _ Jo PGRIDdischarge(t)dt
IlSYScharge - r1~5‘Y~S‘dischar\ge -

G 3
Jo PGRID gy ge (D)L Jo PBESS discharge(£)dt 7)

= *
Nsys rlsyschanqe rlSYSdischarge

thereby Perip,p,,,. reflects the AC power on the connection of the whole BESS to the grid.
Typical data are as follows

NpEess = 96% * 98% * 90% = 84,67% @)

Hence, the overall two-way efficiency of an exemplary LIB BESS is about 85%. PE units are
important components of LIB BESSs in regards to the overall system efficiency and their general
configuration, as well as other power consuming system components. The existing differences
between the battery and DC link voltage of PE units must be included when choosing a LIB cell,
designing modules and assigning system voltage levels. In Subchapter 5.5, a possibility to
increase the overall efficiency when dealing with an MP-BESS is presented.

Battery /,4 4
T B 3xAC
i1 F e Grid
= B e 400V

ALM / AIM V’SM Contactor \;SM R

Figure 8 — Schematic of a single BM connected via PE setup to the grid with all necessary subcomponents
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Providing a better understanding, Figure 8 -
depicts an exemplary setup of a PE for the : {
Energy Neighbor BESS. The complete PE is
comprised of an active line module (ALM), an
active interface module (AIM), a voltage-sensing
module (VSM) and a control unit (CU); though
shown specifically for the Energy Neighbor, any
BESS will embody similar units’. Herein the ALM
generates a controlled inter-circuit DC voltage
and connects the battery to the grid. The AIM
contains filters and line chokes for voltage and
phase adaption to the grid. Voltage signals,
measured by the VSMs, are sent directly to the
CU, which communicated directly to the EMS,
contactors, and switches.

The PE is a direct communication and translation
part between the grid and battery source for both
charging and discharging the BESS, hence
efficiency, possible DC voltage ranges and overall
functionality of PE units cover an important role in
BESSs.

On battery module racks

Similar to battery modules, BRs combine several
battery modules into a single unit. BRs can be
designed in several ways, and the most
interesting point is the handling of a series of BRs
and each BR’s internal electrical configuration.

The Energy Neighbor, for instance, is composed
of 13 modules per BR, as depicted in Figure 9,
each connected in series to the next module,
which results in the cut-off and open-circuit
voltages presented in Table 2. Other LIB BESSs,
which do not need high DC voltages for powerful PE units, may be composed of BRs connected
in parallel or in a mix of series and parallel. Most large LIB BESSs will contain several BRs.
These, in most cases, will be connected via a DC link to a single, large, centralized PE unit. In
this thesis, however, a single BR is connected to an independent, smaller, PE unit; refer to Figure
50, the MP-BESS schematic. By joining PE units with single BR units, further improvements in
efficiency can be achieved and will be outlined in this work, specifically in Subchapter 5.5.

Figure 9 — An Energy Neighbor battery module
rack comprised of 13 modules. (Rendering by
Christian Huber)

s The depicted units are manufactured by Siemens under the name Sinamics S120.

15



Basics of Stationary Battery Storage Systems

Table 2 — Energy Neighbor Prototype BESS technical data.

Name Value | Unit
Nominal energy 191.36 |kWh
Maximum power 248 | kW
Grid connection 400 |VAC
E, Power electronics
& 6x 36 | kw
2x 16 kW
racks 8 pc
Nominal capacity 288 | Ah
Modules per rack 13 pc
Nominal voltage 665.6 | V
S Cut-off voltage 416 Y
& Max. charging voltage 7488 | V
Nominal capacity 36 kAh
Nominal energy 23.96 |kWh
Cells per module 192 pc
Configuration 16s12p
k) Nominal voltage 51.2 \Y/
'§ Cut-off voltage 32 \
= Max. charging voltage 56 \Y
Nominal capacity 36 Ah
Nominal energy 1.84 |kWh
Manufacturer Sony
Cell technology LFP/C
Cell size 26650
_ Nominal voltage 3.2 \%
3 Cut-off voltage 20 |V
Max. charging voltage 3.6 \%
Max constant discharge current| 20 A
Nominal capacity 3.0 Ah
Nominal energy 9.6 | Wh

2.2.1 Lithium-lon Cell Types

This subchapter covers common LIB chemistry configurations with a focus on the most favorable
chemistries for stationary BESSs. Their key characteristics will be briefly compared. Further, the
reason that the LFP/C LIB technology is a promising candidate for LIB BESSs will be addressed.

One of the most promising technologies (as of 08/2016) for SES is LIB technology. LIB or
secondary cells are favored by many users because of their high efficiencies of 95% and up to
99% [40] and relatively long lifetimes of up to several thousand cycles [52] for electrochemical
systems. In general, three basic LIB configurations are used: lithium metal batteries, LIB and
lithium polymer batteries [53]. In general, lithium metal batteries benefit from a pure lithium metal
electrode, which donates lithium ions for internal reaction processes; these batteries offer better
energy-to-weight but lack better power-to-weight ratios due to limitations in maximum charging
currents. However, a pure lithium metal electrode leads to unstable operation conditions
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because of the charging and discharging behavior; during discharging, the lithium metal is
dissolved from the negative electrode and forced back onto the negative electrode during
charging. Due to an internal non-controllable process, the lithium metal deposits back onto the
negative electrode in diffuse shapes, which can lead to dendritic growth and penetration of the
intercellular safety barriers, i.e., the separator [53-56]. Therefore, LIBs were developed as
lithium intercalation electrodes to prevent the specific plating behavior as much as possible and
to stabilize the charging and discharging processes.

The first LIB systems were introduced by Sony in 1991 (LiCoO2, LCQO) in camcorders and by
Nokia in their mobile phones [57]. Intercalation electrodes prevent the harsh lithium metal
reactions through the absence of pure lithium metal during the charging and discharging phases.
Carbon compounds and lithium metal oxides are mostly used for intercalation electrodes as the
negative and positive electrode, respectively.

The LIB systems specifically mentioned above can be constructed with varying intercalating
electrode materials for the positive and negative electrodes. Advances in technology and
research have resulted in a broad variety of chemistries available to markets for LIB, and the
configurations all provide positive and negative abilities for each application. In general, most
positive electrode materials form one of three structures:

= Olivine lattice (e.g. LiFePOa) provides one-dimensional linear Li* movement,
high safety, high cycle life, moderate cost, low voltage for LiFePO4

= Layered structures (e.g. LiCoO,) provide two-dimensional Li* movement,
high specific capacity, moderate security, and high costs

= Spinel lattice (e.g. LiMn2O4) provides three-dimensional Li* movement,
high specific power, moderate cost, and moderate stability

Commonly used anode materials are as follows:

= Graphite
= Hard carbon
» LisTisO12 (lithium titanate)

Each of the aforementioned cathode and anode materials has advantages and disadvantages
in regard to BESSs, and these are shown in Table 3. The evaluations (more stars = better
performance) were gathered from a literature review, expert knowledge, and research.

Table 3 — Common LIB chemistries and their overall ratings among the most important properties: safety,
power density, energy density, cell costs without system technology and lifetime expectations. Based on [58,
59].

Chemistry (Cathode/Anode) LFP/LTO NMC/C LFP/C LMO/C NCA/C

Safety Fkkk Fxk Fkkk Kok Sk
Power Dens'ty *k% *k% *k%k *k% *kkk
Energy Density *k Fhkk *x *kk —

Cell Costs * ok — ok o
Lifetime Fkkk *okk Fkkk ** Sokdk

There are no single criteria that promote a specific cathode-to-anode configuration over another
for specific use cases; however, certain advantageous characteristics serve specific APMs
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better than others. For example, the most commonly deployed LIB cell technologies in electric
vehicles are NCA/C and NMC/C because of their high energy and power density, which are
necessary to operate such systems, and the lower safety performance or possible lifetime is an
accepted limitation. The characteristics favorable for BESSs are cycle stability, system safety
and low costs. Other less important characteristics are represented by weight and volume
because most stationary BESSs are not constrained by a limited space. However, the race for
better LIB cell technology will accelerate because future stationary BESSs are expected to be
distributed in metropolitan regions or cities that suffer space problems.

On LFP- LiFePOq4 (Lithium Iron Phosphate)

The LFP battery technology is mostly known for its cycle stability, low internal resistance, and
physical robustness. Since the first scientific articles in 1997 [60] and commercialization, this
technology has gained attention for BESS applications and as a replacement for starter batteries
in cars. The specific combination of materials forms stable phosphor-olivine structures that offer
relatively low internal resistance and allow the systems to provide relatively high discharge rates
of up to 25 C at a moderate voltage of ~ 3.5V [61].

In addition, the LFP chemistry is more tolerant to high charge potentials. Because of the lack of
an exothermal reaction of Lithium Iron Phosphate at high temperatures, LFP LIB cells have
excellent safety properties. Moreover, LFP LIB cells offer low cost, long cycle life, and chemical
stability, which makes them particularly suitable for BESSs.

On NMC-LiNiMnCoO: (Lithium Nickel Manganese Cobalt Oxide).

The NMC LIB technology is one of the most prominent technologies used for certain applications
in the mass market. The combination of nickel and manganese eliminates to a certain extent the
disadvantages of each material. While nickel provides a relatively high specific energy, it has
poor stability. Manganese forms spinel structures with high stability and loading abilities that
result in low internal resistance at relatively low specific energies. The mix of materials is most
commonly a ratio of 1-1-1, representing equal thirds of NiiysMai3Covsin the cathode. NMC is
mostly used in all-electric vehicles, electric bikes, and power tools [62].

On NCA-LiNiCoAIO; (Lithium Nickel Cobalt Aluminum Oxide).

The NCA LIB technology is a development of the lithium nickel oxide (LNO) technology. The
substitution of cobalt for nickel and further stabilization of the lattice with aluminum makes NCA
sufficiently stable for commercial application with up to several thousand cycles at high currents
[53]. NCA is mainly used in cells in which the key criteria are a high specific energy and long
lifetime. The diminished safety of these cathodes can be partly compensated by suitable battery
management systems and cell design. NCA is mostly used in cars or mobile devices.

On LTO- Li4TisO12 (Lithium Titanate).

The LTO LIB represents a different approach to cell design. Li-titanate replaces the graphite
anode in typical LIB chemistry, but the cathode is LFP, NCA or NMC. With a relatively low
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nominal cell voltage of ~ 2.4 V, the LTO chemistry lacks a high specific energy but is able to
charge and discharge at relatively high rates [53]. The technology also provides long cycle
lifetimes and excellent safety behavior. LTO LIB are typically operated in electric powertrains or
solar-powered street lighting [63].

On the SONY LFP 26650 cell.

As mentioned above the LFP LIB technology promises to provide great benefits over other
technologies for the case of LIB BESS. In several experiments, performed by the project partner
VARTA, the EEBatt Project concluded, that the Sony US26650FTC1 is an ideal cell for LIB BESS
in stationary applications. The chosen cell combines high safety features and behavior,
reasonable pricing and extended calendric and cyclic lifetime expectations. The following shows
data from calendar aging, cycle aging, nail penetration and overcharge experiments of the Sony
US26650FTC1 performed by members of the EEBatt research project.

Among the most commonly used LIB technologies, lithium iron phosphate (LiFePO4 or LFP)
chemistry is favorable for use in stationary BESSs, as it combines a long lifetime with high cycle
stability and high safety standards with moderate costs. Adding, due to its comparably low
voltage at even high SOCs LFP LIB cells do not operate in aging critical conditions. Thus, this
work, as well as the setup of the Energy Neighbor prototype, focuses on the LFP technology for
simulation and lifetime estimation, except in Subchapter 5.4, in which a NMC technology is
investigated.

Figure 10 depicts the results of the calendric aging tests with the Sony US26650FTC1. For each
test point, five cells were selected. With three test scenarios a) — c)* at each test point the cells
were continuously measured every 30 days by performing a full discharge and charge regime.
According to the data, high SOC levels, as well as high cell temperatures, lead to faster
degradation, which aligns with the literature [64]. With a total loss of 75 mAh capacity the five
test cells at 45 °C 0 % SOC showed the best calendric aging behavior, i.e. least capacity loss.
Given that the Energy Neighbor system will be equipped with a sophisticated cooling system,
45 °C reflects a realistic cell environment. Hence, the Sony US26650FTC1 is a promising fit for
LIB BESS.

N a) storing at 60 °C 100 % SOC; b) storing at 60 °C 0 % SOC,; c) storing at 45 °C at 0 % SOC
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Figure 10 — Capacity fade of Sony 26650 LFP/C LIB cells under laboratory conditions derived from quintuple
measurement points by calendric aging experiments with test regimes (in the legend) and accordingly 80%
and 70% EOL marks.

Figure 11 depicts the resulting data from cyclic aging experiments with the Sony US26650FTC1.
Five cell pairs, similar to the calendric aging experiments, were tested under four different
regimes a) — d). The data shows that the cell shows good aging behavior and loses capacity in
a mostly steady and non-accelerated trajectory.

Table 4 — Parameter of the cyclic aging experiments with the Sony US26650FTC1 at 25 °C

Test charging discharging

charge current: 0,9 A (2 0,3 C)
a) max. charging voltage: 3,45 V
cut-off current: 100 mA

discharge current: 0,9 A (2 0,3 C)
cut-off voltage: 2,6 V

charge current; 2,7 A (2 0,9 C)
b) max. charging voltage: 3,6 V
cut-off current: 27 mA

discharge current: 2,7 A (2 0,9 C)
cut-off voltage: 2,0 V

charge current: 3,0 A (2 1,0C)
C) max. charging voltage: 3,45 V
cut-off current: 100 mA

discharge current: 3,0 A (2 1,0C)
cut-off voltage: 2,6 V

charge current;: 3,0 A (2 1,0C) discharge current: 3,0 A (2 1,0C)

d) max. charging voltage: 3,6 V cut-off voltage: 2,6 V

Especially experiment a) was of high interest, because it reflects the necessary safety voltages
which the BMS and EMS will maintain the cells in while the BESS will be fully operational. During
testing the capacity has consistently been measured as the discharging capacity according to
each test regime a) to d). With almost 15.000 cycles, the aging behavior does not show any
jumps or impulsive behavior, promising the Sony US26650FTC1to be a fit for the Energy
Neighbor BESS.
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Figure 11 — Capacity fade of Sony 26650 LFP/C LIB cells under laboratory conditions derived from quintuple
measurement points by cycle aging experiments with states regimes (in the legend) and accordingly 80%
and 70% EOL marks. Peaks in test data occurred due to the necessity to restart the experiments after each
500 cycles.

Besides performance tests, the safety behavior of a LIB is a crucial factor for choosing a cell for
BESS. Figure 12 shows the experimental data for a nail penetration test according to the UN
38.3 test regime.
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Figure 12 — Nail penetration test with resulting cell temperature and voltage after nail penetration at 2:45
minutes in the experiment of the Sony LFP 26650 cell at 100% SOC.

The cell was penetrated with a 4.2 mm diameter nail and a feeding speed of 3 mm/s. After
heating up to 100 °C, the cell released some liquid electrolyte in the area of penetration with

21



Basics of Stationary Battery Storage Systems

small bubbles under the emission of small gas threads. No flames were observed. Hence, the
cell fulfills the EUCAR Hazard level 4 criteria according to nail testing [65].
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Figure 13 — Overcharge test with resulting cell temperature, current and voltage after applying an overcharge
current of 10A at ~ 2 minutes in the experiment to the Sony LFP 26650 cell.

Another safety test underlying the Sony US26650FTC1 cell’s suitability for application in a LIB
BESS is an overcharge test. Figure 13 shows the resulting data from an overcharge test with 10
A. At this moment the cell is overcharged with a constant current and no voltage restriction. At
roughly 3 minutes in the test, the CID spontaneously cracks, and gas is released. The cells
neither catch fire nor burst or explode; reaches a maximum temperature of about 60 °C. Hence,
the cell fulfills the EUCAR Hazard level 4 criteria according to overcharge testing [65].

By providing exemplary data from a both performance and safety tests, it has been shown that
the Sony US26650FTC1 is a favorable cell for implementation in stationary LIB BESS,
specifically the Energy Neighbor demonstrator system built by the Technical University of
Munich.

It is important to mention that other cell systems may offer similar or better overall ratings for a
possible adoption due to e.g. higher energy or mitigated safety issues on module level or system
level. However, for the sake of usability and especially handling of a large amount of cells in an
experimental environment, LFP chemistry seemed favorable.

2.2.2 System Safety

The following subchapter provides a short overview of relevant safety systems and regulations
for operating a stationary BESS under the German standards. With the decreasing cost of LIB
BESSs, these systems have become increasingly more attractive to a broader range of APMs,
which will be outlined in detail in Chapter 2.3. Currently available BESSs range from several
kWh up to several MWh of capacity. One of the largest projects in Germany will be
commissioned by STEAG AG and will be comprised of 4 BESSs rated at 90 MWh. A large
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number of similar pilot projects worldwide emphasize the necessity for minimized risks. Currently
(as of 08/2016), long-term studies are lacking on the safety of such systems operated under real
conditions. To ensure system security and safety, it is essential to be aware of relevant legislative
and normative requirements as well as safety operating technologies and subsystems in
BESSs. Currently, there are no standards for the safe constructions, commission, operation,
decommission and recycling of stationary BESS; however, a series of norming institutes are
working closely with industry and policy makers to fill this gap.

Legislative regulations in the European Union require any technical system that is being sold
into public markets to comply with all conformity regulations according to the CE mark. Under
the CE mark, the following regulations are relevant for stationary BESSs:

Machine Guideline (2006/42/EG)

Even if stationary BESSs are not a machine in the sense of 2006/42/EG, the failure of safety
systems inside a BESS can lead to significant dangers for persons working with these systems.
The demand of 2006/42/EG requiring “a component which serves to fulfill a safety function or
the failure and/or malfunction of the safety of persons at risk” should be ensured in a stationary
BESS.

EMC Guideline (2004/108/EG)

To ensure the correct operation of a stationary BESS, the electromagnetic compatibility
guidelines cover any issues relating to disturbances between components of a BESS from both
external and internal sources as well as emitting disturbance to the outside of the BESS.
Specifically, PE, communication busses, EMSs and BMSs require audits by recognized and
certified institutes.

LV Guideline (2006/95/EG)

The LV guideline 2006/95/EG is mandatory for any electric system connected to AC between
50 VAC and 1,000 VAC. Because many BESSs are in this range, this guideline should be
applied. The guideline “ensures that electrical equipment may be placed on the market only if
they are prepared so, that they ensure, under a proper installation and maintenance as well as
an intended use, the safety of people and animals, and - according to the given community -
status of safety technology and do not jeopardize the preservation of material assets.” [66].

RoHS-Guideline (2011/65/EU)

The guideline for the Restriction of (the use of certain) Hazardous Substances represents an
important guideline to protect animals, humans, and the environment from dangerous materials.
It is mandatory in the European Union that all systems follow this guideline; thus, a BESS is
equally affected.

Product Safety Directive (2001/95/EG)

The product safety directive ensures that technical systems that are sold on the market are only
allowed to be sold when they do not risk the safety of persons and assets. It is mandatory in the
European Union that any system follows this guideline; thus, a BESS is equally affected.
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ErP/Eco-Design-Directive (2009/125/EG)

The eco-design-directive is especially pertinent for BESSs. The directive “contributes to
sustainable development of technical systems by increasing energy efficiency and the level of
environmental protection and at the same time improving the security of energy supply.” ABESS
is affected by this directive.

R&TTE-Directive (1999/5/EG)

Each of the aforementioned guidelines or directives focuses on different safety issues. Not all of
these apply in every country. However, the safety of such systems has a high impact on market
success, and the highest standards and safety state should be reached for stationary BESSs.
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Figure 14 — LIB cell safe operating window. Based on [48] .

Figure 14 depicts a general overview of the safe operation window for LIB cells, e.g., over-
voltage and under-voltage, overcharge and over-discharge, or high temperature and low
temperature. However, the safe operation window of LIB cells varies between cell types, and
each cell must be treated differently according to the aforementioned boundaries.

The requirement to monitor each cell is a major challenge for large BESSs because of the vast
number of LIB cells installed to reach high capacities in BESS. A 200 kWh BESS, for instance,

° “The most common and fundamental source of capacity fade in successful Li-ion batteries (which manage to resist
degradation over hundreds of cycles) is the loss of lithium to the solid electrolyte interphase (SEI), which typically
forms at the negative electrode during recharging. Initially, SEI formation protects the electrode against solvent

decomposition at large negative voltage, but over time it leads to a gradual capacity fade as the SEI layer thickens.”
(67]
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with a capacity of 3,000 mAh and a nominal voltage of 3.6 V requires a minimum of 18,518 LIB
cells to reach the capacity requirement of 200 kWh.

In addition, the following list includes the most important rules and pre-norms for LIB BESSs:

= DIN EN 62619 — Safety norm for batteries

= DIN EN 62109 — Safety norm for PE

= DIN EN 50272-2 — Safety for stationary battery systems

= VDE AR-E 2510-2 - SES in LV grids

» VDE AR-E 2510-50 — Stationary LIB BESS

= |CE 62485-2 — Safety for stationary battery systems

= |CE 61427-1 — General requirements and test procedures for photovoltaic (PV) BESS
» Sicherheitsleitfaden Li-lonen Hausspeicher — German safety guide for LIB BESSs [68]
= BATSO 02 — Test procedures for certified transport of LIB

= UN 38.3 — Test procedures for certified transport of LIB

Subchapter 2.2 provided a brief overview of the safety literature relevant to producing, operating
or planning LIB BESSs. These documents are based primarily on the knowledge of LIB cells
and their safety, which was addressed in Subchapter 2.2.1 as a brief introduction to further
understand the matter.

2.3 Legal Framework for BESSs

On battery storage in the German electricity market

Several business actors and compatible APMs for MP-BESSs emerge when considering the
German energy market rules, laws, regulations, and directives, as discussed in the following
chapters. In addition to legal and regulatory framework conditions, the economic framework
conditions also have a significant impact on the success of new technologies, i.e., the MP-BESS
as an MPT-BESS variant.

Table 5 - Remunerations of stationary BESSs concerning charge and discharge as of 09/2016.

Charge Discharge

With the purchase of renewable power:

Yes, possibly pursuant to § 19 (4) EEGG, if no feed-in
remuneration is used before.
With the purchase of conventional power: No.

With the purchase of renewable power: Yes, possibly pursuant
Remuneration for relieving to § 18 (1) StromNEV' (In the future, only as long as no feed-in
the grid No remuneration pursuant to § 19 EEG is used.)
With the purchase of conventional power: Yes, possibly
pursuant to § 18 (1) StromNEV.
The investment costs and various other parameters have an economic impact on the business
models and include inter alia, electricity costs and renewable energy feed-in remuneration.

However, the business models presented in Chapter 6 include a specific economic calculation,

Feed-in remuneration No

6 Renewable Energy Act
! Electricity Grid Charges Ordinance
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and the investigations in Chapter 5 do not include the framework conditions. Economic
calculations for the described models are not included because regulations and governmental
directives change so quickly that this work would lack relevance in the future. Moreover, the
possibilities for business models will generate interest for further research in this area.

Furthermore, because a large number of parameters and their individual ranges depend on each
other, the results of a broad sensitivity analysis on economic performance may be insufficient
because of significant uncertainties in the framework modeling. Thus, only fundamental thoughts
on MPT-BESSs in Germany, specifically MP-BESSs, and business models functioning under
current (August 2016) conditions are proposed.

Table 6 — Taxes, apportionments and levies for stationary BESS charge and discharge in Germany as of
10/2016 [69].

Charge of BESS Discharge of BESS

Apportionment
for renewables

Yes, as long as § 60 (3) sentence 1 EEG is not

fulfilled. No.

No, pursuant to § 15 (1)

Network charge sentence 3 StromNEV.

No, pursuant to § 118 (6) EnwG® (for 20 years).

Allocations and

costs| In general, yes, according to BK4-13-739 (Federal

In general, no.

considering
network charges

819 StromNEV-
levy

Concession

Heat power levy

(KWKg-UmIage)

Offshore levy

AbLaV levy™

Network Agency).

Yes, e.g., 0.237 ct/kWh, except for § 19 (2) sentence
15 StromNEV.

Yes, max. 0.11 ct/kwWh, except for § 4 (1) sentence 1
KAV.

Yes, over 100,000 kWh/a max. 0.05 ct/kWh, except
for 8 9 (7) sentence 1 KWKG.

Yes, until 1,000,000 kWh/a max. 0.25 ct/kWh,
amount of electricity above max. 0.05 ct/kWh,
except for 8 17f (1) sentence 2 EnWG.

Yes, 0.006 ct/kWh, except for § 18 (2) sentence 2
AbLaV.

No.

No.

No.

No.

No.

Tax on electricity

May be pursuant to § 9 (1) Nr. 2 StromStG,
20.50 €/MWh pursuant to § 3 StromStG (particularly
with conventional power).

No, pursuant to 8 9 (1) Nr. 1 StromStG in
conjunction with § 19 (1a) EEG with purchase of
renewable power without feed-in remuneration.

No, pursuantto § 1 (1)
sentence 3 StromStG''.

8 German Energy Act
° Combined Heat and Power Act
10 Ordinance on Agreements Concerning Interruptible Loads
11 -
Electricity Tax Act
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Furthermore, this subchapter provides a brief overview of the primary stakeholders for BESSs,
specifically MP-BESSs, in Germany. In addition to their interdependence on the storage system,
suitable APMs and their benefits for each stakeholder are introduced. However, a statutory
definition of BESSs does not exist in Germany [70, 71], and the draft of the Renewable Energy
Sources Act 2017 does not contain further information on this topic [72]. A patchwork of several
laws, regulations, and directives constitute the legal point of view for BESSs in Germany, in
particular, regulations for charging and discharging. Table 6 and Table 5 provide a brief overview
of stationary BESSs in Germany and their remuneration and taxation when they are technically
integrated into the network [69, 73].

On stakeholders in the electricity market

The distribution of electricity requires several grids at different voltage levels. Firms operate
these grids via reinforcement, maintenance, and expansion. These companies are commonly
known as grid operators. As mentioned before, grid operators in Germany are split up into
transmission system operators (TSO) and regional or local distribution system operators (DSO)
under the German Federal Network Agency (BNetzA) or the European Network of Transmission
System Operators for Electricity (ENTSO-E). These can be compared to regional transmission
organizations (RTOs'’) and independent system operators (ISOs*®) under the Federal Energy
Regulatory Commission (FERC) or the North American Electric Reliability Corporation (NERC)
in the U.S. Their objective is to provide an affordable, sustainable and reliable supply of
electricity and integrate renewable energies, as per § 1 of the German Energy Act, EnWG.
(“Energiewirtschaftsgesetz”) [74].

There is a natural monopoly on electricity grids because of the high fixed cost, CAPEX, for
setting up grids and the comparably low operating expenses, OPEX. If there were multiple
vendors, each would have to bear the fixed costs of its grid, which would result in an increase
in the average total cost. Monopolies are caused by the increasing returns vs. the falling average
total cost. The awarding of concession contracts results from a natural monopoly in which grids
are tendered every 20 years per § 46 of the German Energy Act [74, 75]. In this context, grid
operators are given the right to use the public domain to provide end users with electricity and
can lay and operate power lines, transformers, and other grid assets.

2.3.1 Transmission System Operators in Europe

Since 2009, the European Network of Transmission System Operators for Electricity (ENTSO-
E) and NERC in the U.S. have dealt with the network codes, security, and reliability of the grids
and with coordination and information [74, 76—78]. Previously, other associations represented
the TSO in most of the countries in continental Europe.

The Union for the Coordination of Production and Transmission of Electricity (UCPTE) was
active from 1951 until 1999 when it became the Union for the Coordination of the Transmission
of Electricity (UCTE) and finally the ENTSO-E. The fundamental rules for the four German TSOs
(50Hertz, Amprion, TenneT TSO and TransnetBW) are in TransmissionCode 2007 [79], and the

12 . L. . . . . . ..
A regional transmission organization in the U.S. is an electric power transmission system operator (TSO)
which coordinates, controls and monitors a multi-state electric grid.

B An independent system operator is similarly an organization formed at the recommendation of the Federal
Energy Regulatory Commission (FERC).
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ENTSO-E is currently developing general rules for the overall grid territory in Europe. After the
Agency for the Cooperation of Energy Regulations (ACER) gives the “Framework Guidelines on
Electricity Grid Connections” to the TSOs, the TSOs will develop the network codes [80].
However, the ACER and the European Commission will have the chance to reject the network
codes according to Articles 6 and 8 of Regulation (EC) No 714/2009 and Directive No
2009/72/EC [78, 81].

Nonetheless, the TSOs are responsible for the optimal and secure operation, maintenance and,
if necessary, expansion of their grids in their respective areas. Therefore, several rules for TSOs
already apply cross-border. In this context, TSOs provide ancillary services such as frequency
control, voltage control, restoration of supply systems and operation management [79]. Control
power is necessary to maintain the balance between electricity generation and consumption in
real time. Control power is also an important part of meeting the TSO obligations, which turns
out to be a suitable APM for MP-BESSs and BESSs.

2.3.2 Distribution System Operators

Problems occur partly in German grids at lower voltage levels (20 kVAC down to 400 VAC)
because of the massive expansion of PV systems in Germany, which has resulted in a change
in the load flow at various times of the year and overloading of transformer stations and lines.
Neither the transformers nor the lines were designed for these situations [82]. Therefore, DSOs
must extend, reinforce and/or renew existing installations in these cases. Using BESSs, power
input peaks can be reduced to achieve a delay or even a waiver of the extension. According to
[83], BESSs could be an alternative to an upgrade investment. This suggestion leads to the APM
of “relieving the grid,” and the DSOs profit from BESSs.

2.3.3 Energy Supply Companies

Energy Supply Companies (ESCs) generate and sell power, but they do not possess the grids
because of legal provisions concerning unbundling, as per §§ 6 et seq. of the German Energy
Act [74] and Art. 2 No. 21 Directive 2009/72/EC [81]. In this context, the German Energy Act
contains rules for accounting, informational, organizational and legal unbundling with the aim of
strengthening the competition [74]. At ESCs, a so-called balancing group manager is
responsible for regulating the supply and demand for electricity in 15-minute intervals for each
balancing area in his respective fields of interest according to the § 4 (2) regulation on electricity
feed-in to and consumption from electricity supply grids — Stromnetzzugangsverordnung14
(StromNZzV). To fulfill this task, ESCs depend on load and generation forecasts. Therefore,
participating in the wholesale of electricity is indispensable because of the lack of perfect
forecast models. German ESCs use spot and forward markets for the European Power
Exchange (EPEX) and European Energy Exchange (EEX) for electricity exchange [84]. Long-
term futures markets are used for planning and hedging, and short-term day ahead or intraday
markets help balance electricity when there are forecast errors. In addition to reducing the high
purchase prices in the spot market using spare power from the BESS, arbitrage between times
of high and low electricity costs is possible for an APM using the available capacity of the BESS.

“ Electricity Grid Access Ordinance
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2.3.4 Solar Power Plant Operator

In general, even small solar energy plant operators are regarded as ESCs (§ 117a of the German
Energy Act 85), but they have different interests for using a BESS. Temporary storage of surplus
PV energy to decrease their cost of electricity is their main concern. According to the grid parity
for solar energy, it is possible to generate the necessary margins for refinancing the BESS [69,
86—89] instead of using grid energy. Grid parity occurs when an alternative power source can
generate power at a levelized cost of energy (LCOE)™ that is less than or equal to the price of
purchasing power from the electricity grid, which was the case for private households with PV
systems smaller than 30 kW in Germany in 2011. The average retail price of electricity was
higher than the feed-in remuneration. Nevertheless, several studies and papers [26, 83, 91, 92]
show that the exclusive use of this specific APM with a BESS is not profitable under the current
framework conditions in Germany. For example, neither small home storage systems nor large
BESSs have a positive return on invest (ROI) from storing surplus PV energy because of the
low utilization ratio at night and during the winter [92]. In addition to the economy, several other
facts are also crucial. According to [93], ideological reasons, such as the contribution to the
energy transition, influence investment decisions on BESSs. According to [93], 34,000 BESSs
are currently installed in Germany and are working as residential storage systems.

2.3.5 Power Customers

End users, particularly power customers, usually show interest in BESSs only if there is a
reduction in their electricity price. A positive ROI from participating in the BESS in any way is
desirable. In concrete terms, this means the either property or possession of the BESS or an
electricity tariff attached to the BESS that results in lower prices for the end users is of interest
to this group. This group of stakeholders is divided into two subgroups based on their power
consumption. Households in Germany do not have to pay a special power price in addition to
the energy price, but a special rate is compulsory for an annual consumption of at least 100,000
kWh [94]. Thus, large power customers have additional interest in peak shaving or peak shifting.
Because of the legal and regulatory framework conditions, the location of the BESS must be on
the company site, which is not compatible with most APMs. Therefore, reducing the energy price
is the subject of this work.

2.3.6 Municipality

Municipalities benefit from BESSs through concession and commercial taxes, but they can also
act as power customers. The latter is not given a separate mention, but it is included in the
previous chapter. At nearly 44 billion Euros, in 2014 the commercial tax is the largest source of
income for German municipalities [95] (p. 267). Under the German Trade Tax Act
(“Gewerbesteuergesetz”), the level of tax depends on trade earnings, the local rate of
assessment and legal forms [95-97] and can vary between different regions. The municipality
itself is authorized to charge a duty for the right to use the public domain to provide end users
with electricity and for laying and operating power lines, transformers, and other grid capacities.
[74, 98]. The taxes and duties differ among themselves in terms of location, but there is a

1 “The Levelized Cost of Energy(LCOE) is defined as the total lifetime cost of an investment divided by the
cumulated generated energy by this investment.” [90]
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consensus that the operation of BESSs represents an economic advantage for each
municipality.
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3 Application Concepts and Stakeholder Analysis

This work seeks to identify the applications best suited for BESSs. Therefore, Chapter 3 lists the
major applications for BESSs that are currently discussed in the literature in alphabetical order,
there is no preference expressed due to the order. The applications for BESSs can be sorted
based on their position in the electric value chain or their source for economic value, e.g., an
application serving a purpose when generating renewable energy, i.e., renewable energy
firming.

Core Issues:
Missing Economic Value and Legal Framework
‘ |
Basics
Chapter‘z.l /2.2 Applications
Legal Framework Chapter 3
Chapter 2.3
v v
Experimental and Case Studies
Chapter 4
Multi-Purpose BESS Business Models
Chapter 5 Chapter 6

Figure 15 — Work progress in Chapter 3.

A review of the literature shows that the absolute number of applications ranges widely, and a
common understanding of applications for BESSs is absent. However, this result also indicates
the multi-purpose functionality of BESSs. Additionally, the application definitions for BESSs are
strongly influenced by physical and technical parameters [21, 34, 37, 41, 99-108]. For a better
overview, Figure 16 depicts BESS applications based on their source of economic value,
location in the electrical supply chain, and area of service. The figure depicts the legal entity for
which a certain value can be created and is comprised of independent system operators (ISOs)
and regional transmission organizations (RTOs), customer services and utility services. A further
differentiation is made between the location in the electric supply chain, including i) generation,
ii) transmission, iii) distribution and iv) behind-the-meter use of electricity and the economic value
source. As the literature studies indicate, any APM can be categorized by its economic value
source [109], which can be classified into four different economic value sources: i) arbitrage, ii)
power quality, iii) power reliability and iv) an increase in existing assets. A comprehensive
analysis can lead to a variety of possible interpretations and arrangements for the given figure.
However, the given arrangement seems to be appropriate for the vast majority of literature and
expert knowledge, and it serves in this thesis to provide better interconnection of APMs and
clarification of APMs in each contextual dependency.
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Figure 16 — Applications for BESSs according to the source of economic value, location in the electrical
supply chain and area of service. APMs marked in bold are investigated in Chapters 3 and 4. Based on [110]
and [111].

The following material provides a general overview and review of possible applications for
BESSs. Because of the flexible configurations regarding power output and energy content, LIB
BESSs can serve numerous APMs. While Chapter 2.3 explained specific use cases by outlining
the concepts for BESSs under certain circumstances, the following is isolated from any
obligations and focuses on the content of the solicitation and whether a BESS is capable of
serving such demand and to what extent. Each application will be described by first outlining the
underlying problem or incentive to operate a BESS. This content will be followed by an
assessment of how the elucidation would be designed with and without a BESS, and it will end
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in an exploration of benefits from a BESS for the explained purpose. Table 7 lists the related
subchapters for a general introduction to each APM and the related case study subchapters.

Table 7 — Overview of subchapters introduction application modes (APM), case studies, aging behavior
analyses and abbreviations used in this thesis.

APM Subchapter
Introduction  Case Study  Aging Behavior  Abbreviation
Black Start Capacity 3.1 BSC
Energy Market Participation 3.2 5.2 IDM
Grid Quality 3.3 43,5.2 54 GRID
Island Operation 3.4 4.7 ISLAND
Secondary Control Reserve 3.6 5.2 54 SCP
Primary Control Reserve 3.9 4.6 PCP
Tertiary Control Reserve 3.7 TCR
Residential Home Storage 3.5 45,4.6 54 SELF
Peak and Load-Shaving Services 3.8 5.2 GRID
Uninterruptable Power Supply 3.10 UPS

3.1 Black Start Capacity

BESSs can provide black start capacity/capability with a predefined V/f-controlled voltage and
frequency characteristic. In addition, swarms of smaller BESSs have the ability to participate
and run a black start on their own. The pure provision of a black start capacity for a BESS is not
promising because of missing business models. However, the knowledge that BESSs are
capable of accommodating black start scenarios is an asset for future grid operations in which
rotating masses will significantly decrease in quantity [41, 108]. Table 8 shows typical values for
a BESS providing black start capacity, based on expert interviews in [106].

Table 8 - Characteristics of the APM Black Start Capacity for BESS. Based on [106].

Parameter Value Unit

capacity | 130 — 3000 | kwWh
power | 130 — 3000 | KW
cycles per year 1 n
DOC deep
mean SOC high

3.2 Energy Market Participation

The participation of BESSs in energy markets is commonly discussed. The ability to switch
between power provision and consumption leads to the overall idea that BESSs may be suitable
for participation in energy markets [112] and arbitrage operation. However, the integration of
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BESSs in energy markets will be determined by market regulations and rules. Generally,
arbitrage generates revenues and profits by buying electric energy at low prices and selling at
high prices. The potential revenues scale with the number of respective cycles over a given time
frame. Thus, if storage aging is neglected, the more cycles an arbitrage operating BESS runs in
a given timeframe, the higher the revenue is. The mentioned cycles mostly occur as small and
frequent cycles during the day time. It has been shown that different EESs and BESSs can
achieve positive returns on arbitrage. Technological characteristics, not market price volatility
influence the revenues for these [113]. However, in general, BESSs are not yet viable for
providing arbitrage as a single application because of the necessity for active electrochemical
storage, which drives costs relative to other technologies that are more costly in energy-specific
pricing [53]. Table 9 shows typical values for a BESS operating APM arbitrage.

Table 9 - Characteristics of the APM arbitrage for BESS. Based on [106]

Parameter Value Unit
capacity | 5 [107] (2 — 4000 [100]) | MWh
power | 1[107] (1 —500 [100]) | MW
cycles per year w/o (400 — 1500) n
DOC deep [114]
mean SOC high

3.3 Grid Quality

The integration of BESSs in electricity grids can lead to significant improvements in grid quality
and reduce maintenance or classic grid reinforcement by adding line capacity or transformers
to existing grids. Selected grid quality criteria are described in the following sections. In LV grids,
several BESSs can be used to improve grid quality, e.g., unloading the grid in times of high
power flow. Transformer load reduction is one of the key roles BESSs can fulfill. With power
ratings of a few hundred kW up to several MW, BESSs can be implemented for transformer-
unloading purposes even in larger grid chapters with substantial demand. The impact of BESSs
comes from charging in times of high backfeeding load flow and discharging in times of high-
demand load flow. An adapted operational strategy allows BESSs to significantly reduce the
transformer load in times of high load flows. Line loading is a parallel benefit BESSs can provide.
When BESSs are interconnected between a powerful distributed generation unit (DG), e.g., a
large PV field and the transformer station, the BESS unloading of the transformer influences the
direct connecting line with the same power and energy from which the transformer is relieved.
For rural regions in particular that lack growth in terms of inhabitants or industry, the connecting
lines include small safety additions to the line size and transformer size. Subchapter 4.3 provides
insights on a case study that shows the dangers of line and transformer sizing for vast RET
installations in the mentioned area over the past decade. Additionally, the limits for node
voltages, defined in DIN EN 50160, are the main drivers for grid reinforcement and extension,
particularly in rural regions [115]. BESSs are able to reduce the voltage at critical points in the
grid by drawing real power from the grid, as depicted in Figure 17. With a typical ratio of R/X =
2.5 for LV grids [66], a variation of the active power P has a larger influence on the voltage than
the feed-in of reactive power from DGs [116], which is required by VDE-AR-N 4105. In addition
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to the aforementioned three grid operations, BESSs can serve to improve grid quality. Reactive
power injection is another possible service to improve grid quality [117, 118].

In general, power transmission losses increase with the square of the current flow, and the
affected cables warm up. The increased cable temperatures affect the efficiency of the supply
and lead to accelerated aging of the operating materials. For this reason, it is desirable to reduce
the losses by decreasing the load peaks. A common method to achieve this is the laying of new
cables. The costs for 1 to 10 kV cables (system price including earthworks) are estimated at 350
to 500 euros/m. The excavation work is mainly responsible for the high cost. (Note: The given
figures are only indicative values; the exact values vary for each individual case.) Influencing
the demand is a cost-effective measure to reduce the load peaks. For this purpose, demand
response procedures could be used in which the demand is automatically reduced based on the
load. However, this approach requires the installation of appropriate control devices at the
customer’s site. In the future, it may be possible to limit the demand via variable grid charges.
This method will require the rollout of a smart-meter-based infrastructure. Energy storage
systems are already available and can contribute to a reduction in load peaks. Charging and
discharging energy storage systems can be used to avoid load peaks and equalize the load
demand curves. However, it is not certain to what extent a reduction in the grid losses can be
achieved because of the power losses associated with the storage operation.

In addition to the grid voltage, there are other grid services that BESSs can potentially provide.
Short-circuit power is relevant for electricity grids and their short-circuit protection. It is a rating
value and is given as an apparent power. Expressed mathematically, the short-circuit power Sy,
is the product of the short-circuit current I,,, nominal voltage U,,, and chaining factor. The short-
circuit power is a rating value used to quantify the strain on electrical systems. A high short-
circuit power is a measure of the voltage quality and interference immunity of a power grid. The
expansion of a power grid can influence the short-circuit power. Technically, this effect can also
be realized by means of a decentralized grid structure. A high short-circuit power is also crucial
for safe grid operation. The protection systems currently installed in the grid presuppose a
certain short-circuit current, implying short-circuit power. Furthermore, sufficient short-circuit
power is relevant for motor loads. Starting these loads is not possible without sufficient power.
With regard to the operating materials, the short-circuit power is a design parameter in addition
to other influences. The highest short-circuit powers occur on bus bars when they are fed by
multiple sources with low impedance. In particular, generative feeders, such as asynchronous
and synchronous generators, significantly contribute to the short-circuit power. Unlike generative
feeders, systems based on inverters make only a small contribution to the short-circuit power.
In general, the short-circuit current is in the range of the nominal current. Decentralized
generation systems, in particular PV systems, fuel cells or wind energy systems without a
gearbox, feed their power into the grid through an inverter. Thus, the individual system makes
only a small contribution to the required short-circuit power. Accordingly, the contribution rises
with the number of involved plants. Nevertheless, it is not certain that the power is sufficient for
a reaction of the safety systems. Electrochemical energy storage systems are an additional
technical option to compensate for a possible deficit in short-circuit power. As with all inverter-
based systems, the individual battery storage system delivers only a small contribution, but a
significant, greater potential can be assumed for multiple plants, i.e., as a supplement to PV
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systems. LIB BESS can be overloaded heavily for short durations, thus the final short-circuit
power per BESS systems depends on the maximum current the PE can provide.

Figure 17 — Voltage reduction with BESSs in an exemplary LV grid (backfeeding scenario). Top: No BESSs
installed; major voltage limit violations are observed. Bottom: BESSs installed, and an additional connection
of 2 stub lines to a ring line; major improvements in the voltage can be observed. Coloring depicts the
derivation from the nominal grid voltage. [39]

Third, voltage fluctuations may be reduced by BESSs in the future. Voltage fluctuations, which
include flickers and other variations, are addressed in EN 61000-3-3 (June 2006). Flickers are
voltage variations that can cause a fluctuation in electricity consuming objects. Flickers occur
because of the finite internal impedance of the grid, causing a voltage drop due to the load
current of the device. As a consequence of these power supply voltage fluctuations, changes in
the luminous flux of incandescent lamps are observed. This effect cannot be perceived in
fluorescent lamps and LEDs because their electronic ballasts compensate for these fluctuations.
The appearance of flickers can be attributed to different causes. Voltage drops can arise
because of a pulsed power input, which occurs during the operation of hob units, hair dryers,
washing machines, power tools, air-conditioning systems, and many other devices. However,
inrush currents can also be responsible, and these occur after an interruption during voltage
recovery. In typical load cases with many electronic power supply units, all of the smoothing
capacitors are charged simultaneously, which results in a current overload. Inrush current-
limited devices provide a remedy, e.g., the installation of an NTC resistor in each device.
Switching on large asynchronous machines can also lead to voltage drops. The current
amplitude is determined by the switching angle and the grid impedance. From a network
perspective, larger short-circuit ratings can be used to avoid this phenomenon. For example, the
use of transformers with a smaller u;, (4% instead of 6%) can achieve this mitigation. In the wind
energy generation field, flickers can be attributed to switching operations, tower shadows, tower
disturbances, blade angle errors, cross flows, wind shears and fluctuations in the wind speed.
Electrochemical energy storage systems can remove flickers. Battery storage systems are
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dependent on the demand, but they are independent of the location. Short-term voltage
variations due to fast changing loads/generation (feed-in/consumption of active and/or reactive
power in the seconds range) can be compensated. Table 10 shows typical values for a BESS
operating APM grid quality, based on expert interviews in [106].

Table 10 - Characteristics of the APM grid quality for BESS. Based on [106].

Parameter Value Unit
capacity 500 [107] kWh
power 1[107] — 10 [100] MW

cycles per year 200 - 600 [106] n

DOC | deep (refer to Figure 63)
mean SOC | low (refer to Figure 63)

3.4 Island Operation

Numerous regions worldwide are facing major challenges due to the increasing electricity
demand from rising populations and industry. Many regions, especially those with a large
number of scattered islands, are strategically planning future energy production. BESSs for
island operations are of interest to help overcome the challenges associated with energy
demand and provide an environmentally suitable solution. BESSs operating on islands can
significantly ease the provision of electrical energy. No matter how many RET installations are
in place, the vast majority of energy is still produced by fossil fuel generators. A fully autonomous
BESS operating in island APM is able to build up, hold and support an electric grid and act as a
generator and frequency balancing the load. PE units and the system technology necessary for
such actions are available in industry markets already. Basically, a BESS operation in island
APM is a combination of a series of other APMs, i.e., ancillary services, peak-shaving, and RET
shifting, and will not be explained in further detail. Table 11 shows typical values for BESS island
operation.

Table 11 - Characteristics of the APM arbitrage for BESS. Based on [106]

Parameter Value Unit

capacity <1 MWh
power <100 kw
cycles per year 400 n
DOC | deep [114]
mean SOC high

3.5 Residential Home Storage

One of the well-known, current applications for BESSs is their use in a residential configuration,
corresponding to the installation of a BESS in a household with a PV system. Since the early
2000s, there have been huge innovation steps toward better efficiency and major cost
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decreases in PV technology. In addition, several countries have implemented major incentive
programs and have mandated acts and regulations benefitting and promoting PV systems over
other energy producing facilities. Residential BESSs increase the self-consumption of self-
produced energy in households, typically based on the desire for lower energy costs or driven
by ecological motives.

The Speichermonitoring 2016 report [93], a nation-wide analysis on private household LIB
BESSs in Germany, showed that 80% of LIB BESS owners are aware of the current low
economic value of BESSs; however, the owners purchased BESSs to protect their homes from
future increases in energy prices. In addition, this research has shown (n = 927) that customers
are willing to buy BESSs because of cheaper electricity. It is currently not clear whether a
massive installation of BESS in residential homes with PV systems would be environmentally
beneficial and reduce CO,emissions. The vast majority of installed BESSs in the European grid
do not involve positive economics, which leads to the assumption that ecological motives play
a major role in BESS-buying decisions.

There are clear benefits in terms of electricity cost savings for individual customers. The BESS
stores energy any time a surplus of renewable energy occurs locally and provides the stored
energy in times of high loads and lower production. The basic figures to calculate these benefits
are known as the self-consumption rate (SCR) and self-sufficiency rate (SSR). Both are coupled
to the overall consumption of the generated renewable energy in a specific household and
always refer to a yearly timeframe. The SCR calculates the self-consumed energy with respect
to the overall generated renewable energy in the same period. Thus, the full consumption of all
of the generated renewable energy equals an SCR of 100%.

The overall benefit of a residential BESS, regardless of investment costs and subsidies (which
range significantly between countries and markets), can be described as the household’s total
electricity COStCelectricitytotal- The total electricity cost Celectricitymml is the yearly consumed

energy, E.onsume,» Multiplied by the household’s electricity price or cost, Cyy 1, per kilowatt-hour.

Celectricitytotal = Econsume * CkWh (9)

With a PV system, a household’s yearly consumed electricity E.,nsume 1S Not the direct
electricity demand of the household but is dependent on the direct consumed solar energy,
Eso1qr- INn addition, the solar energy, which cannot be used by the household itself, will be fed
Efeeqin into the grid. The fed in solar energy multiplied by the feed-in remuneration Creqin
represents an additional income for the household. An additional cost derives from the
curtailment of surplus solar energy. Whenever the possible solar feed-in power exceeds the
grids feed-in limitations, which are set by regulators, this power will be curtailed. Thus, the
curtailed energy E.,+qi1 has to be subtracted from the total possible feed-in energy Efeeain- The
household’s total electricity cost is now as follows:

Celectricitytoml = (Econsume - Esolar) * CkWh - (Efeedin - Ecurtail) * Cfeedin (10)

With a BESS, the total electricity cost is additionally reduced by the amount of solar energy that
can be stored for later use by the BESS Egggs_, - to prevent the curtailment of solar energy.

Thus,
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Celectricitytotal = (Econsume - Esolar - (EBESSmlar * IlBESS)) * CkWh (11)
- (Efeedin - Ecurtail) * Cfeedin
The above description serves as a general description of the benefits and fundamental
understanding of BESS operation in a household. The aim of BESSs in single-family houses,
as mentioned above, is to increase the household’s SCR of solar energy consumed. The SCR
is given by
SCR = Esolar 12
=B, 12)
where the self-consumed solar energy is divided by the overall solar energy Epy, production. The
SCR describes the amount of PV energy that can be consumed locally as a percentage in
respect to the overall solar generation [119]. A second variable, the SSR, quantifies the benefit
of the PV system by describing how much of the load demand can be covered by local PV
energy. The SSR is calculated as the ratio of E,;,, and the total load demand E;,,,.

Esolar

SSR = (13)

Eload

Both variables, the SCR and SSR, can be calculated for residential setups with a BESS. In that
case, the SCR and SSR are given by

SCR = Esolar + (EsolarBESS * rlBESS) (14)
Epy
SSR = Esolar + (EsolarBESS * rlBESS) (15)
Eload
where Egoqr,,oc T€flects the overall energy which can be stored by a residential BESS. Table

12 shows typical values for a BESS providing APM SELF.
Table 12 - Characteristics of the APM SELF for BESS. Based on [106].

Parameter  Value  Unit
capacity | 3—-45 | kwh
power | 1-15 |kW
cycles per year | 300 - 400 | n
DOC deep
mean SOC | low / high

On a simple operation strategy

A greedy algorithm is an algorithm that always takes the best immediate, or local, solution while
finding an answer. Greedy algorithms find the overall, or globally, the optimal solution for some
optimization problems, but may find less-than-optimal solutions for some instances of other
problems. In the context of residential BESSs, a greedy algorithm follows the logic of storing any
surplus solar power provided as soon as possible and providing any available energy from the
storage as soon as there is a lack of solar power. The algorithm is simple as follows
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Pgess = Ppy (t) — Poga(t) (16)

where Pgpqs is the BESS power, Pp, the power from the solar systems and P, ,; the
household’s load. Figure 18 depicts such a storage behavior whit the BESS charges during early
day hours as soon as Ppy (t) > Piyqq(t) until the BESS is fully charged at 100% SOC and
discharges as soon as Ppy (t) < Pjyqq(t) until the BESS is fully discharged to 0% SOC.

Residential BESS and OSGreedy

I Curtailment Losses
I Discharge BESS
I L oad from Grid

[ Feed Into Grid

[ Charge BESS

[ Direct Consumption PV
Household Load

PV Production

Power

Time
Figure 18 — Exemplary operation of a BESS operation greedy algorithm in a residential setup over one day
from midnight to midnight. Curtailment losses may occur during peak solar insulation times and reduced
household loads due to curtailment orders by the EEG law in Germany.

On a grid-friendly operation strategy

Because of the high number of installed PV systems, grid relief is a major point of interest for
regulators, and grid operators since the installation of RETs showed a significant increase from
2012 to 2016. Forecasts from 2014 predicted a total installation of PV RET power in Germany
of 50 GW by 2020 [120], and in 2016, a total of 39.85 GW had already been installed [121].
Because of the dependence of PV systems on solar irradiation, i.e., weather conditions, the
predictability of these systems is lower than that of a fully controllable conventional DG, and
simultaneous regional occurrences of high solar irradiation can lead to overloading of the power
lines, transformers, and cables. During times of extreme load scenarios, e.g., times of relatively
high insolation, the permitted voltage ranges or thermal thresholds of grid operating technical
systems are violated [122]. A DSO’s conventional reaction to solving such problems is grid
expansion or reinforcement by adding line capacity, cable installation or upgrading transformers.
An alternative to these conventional actions is the installation of storage capacity in the form of
BESSs and, ideally, the grid-friendly operation of such systems. Therefore, policy makers, who
regularly develop subsidiaries to deliver RETs into grids, have established maximum feed-in
powers for RETSs, e.g., PV systems. Installers of PV systems in Germany that want to benefit
from subsidies must restrict their PV systems’ maximum feed-in to 50% for a 20-year lifetime
operation [123]. BESS installation under the aforementioned greedy operation is not capable of
solving the maximum PV feed-in because the BESSs are fully charged in the early hours of the
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day. Therefore, two operating strategies have been developed [117] whereof one will be
described briefly.

Residential BESS and OSFeedinDamping
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Figure 19 — Behavior of a residential BESS operated with the "feed-in-damping strategy."

The so-called feed-in-damping strategy, depicted in Figure 19, damps the feed-in power by
storing the surplus feed-in throughout the day to ensure a maximum SOC of the BESSs by
applying a nearly constant charging power, Pggss. The constant charging power is calculated by
dividing the spare BESS capacity (SOCmax —SOC(t)) * Egpss by the prediction of time to

sunset, on the same day of operation [117]
(S0Cpax — SOC(D)) * Egpss
(tsunset - t)

The discharging behavior of BESSs operating in the feed-in damping strategy follows the same
rules as the greedy operation described in equation (16).

Pppss(t) = 17)

3.6 Secondary Control Reserve

Control reserves are given in alphabetical order, and in Subchapter 3.5 a short introduction to
providing reserves is provided.

Power producers are obliged to forecast their delivered quantities as precisely as possible. By
doing so, the feed into the German power grid can be optimally planned, and the frequency of
the power grid can be maintained at 50 Hz. In the case of an unexpected increase in the
electricity consumption or capacity bottlenecks affecting the stability of the electricity grid, the
control reserve is used. This reserve compensates for the fluctuations in the power grid, and a
graduated regulation system is applied, i.e., primary control reserve (PCP), secondary control
reserve (SCP) and minute reserve. In Germany, the four German TSOs are responsible for this
regulation. In addition to the stability assurance, the control reserve is needed in case of an
electricity oversupply or undersupply in the electric grid. If no suitable storage systems exist for
such cases, a rapid down-regulation of power plants or the connection of additional consumers
is necessary. In the case of a sudden increase in demand and an insufficient supply, the positive
control reserve is used, and additional generation capacity is required. The compensation for an
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increased supply and a weak demand is called a negative control reserve. By storing or reducing
the power generation, electrical energy can be taken from the power grid.

The worldwide available market is, particularly for quick-response participants, attractive for LIB
BESSs. Markets worldwide tender these services differently, and regional influences in large
grids (the U.S., e.g., [124]) lead to more diverse market structures, whereas smaller markets
tend to have single-oriented and shared tenders for frequency control services (e.g., the EU). In
the EU, the ENTSO-E is the entity for all transmission network operators in Europe; it closely
follows the European Commission market design studies and effectively implements control
markets. The markets and tenders in the ENTSO-E are the primary, secondary and minute
control reserves [125]. Each market differs in terms of ramp-up speed and provision scheduling
[126, 127].

The task of maintaining frequency stability is divided into different control stages:

= PCP for effective power balance, primarily via speed regulation by the electrical
generators of the involved power plants.

= SCP to maintain the frequency stability in integrated grids, such as the ENTSO-E, for
load flow management and load distribution.

=  Minute reserve, also referred to as the minute control reserve, which is used for
economic optimization during operation.

» Quaternary control reserve to compensate for the gait error, which is triggered by
accumulated deviations from the main frequency over longer time periods.

— System Frequency <+

A

automatic activation upon limits deviation
frequency variance from set-value

PCR sets back to
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releases / secures
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depended on
provided SCR
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Figure 20 — Frequency control markets and tender activation under the ENTSO-E regulations in the UTCE
European grid. Based on [128].

The graph describes the temporal deployment of the individual control reserves. The PCP must
be fully activated within 30 seconds and be replaced by the SCP after 15 minutes. Further
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support is subsequently provided by the minute control reserve, which is also called the minute
reserve. After approximately 60 minutes, a balanced load/current account balance should exist.

Similar to PCP, the provision of secondary control reserve/power (SCP) has an interesting
application for several markets worldwide; the SCP power and energy support the grid and the
physical balance between the energy consumption and production. Most markets differentiate
between PCP and SCP based on regional necessities. While PCP is provided independently of
the affected grid area grid-wide, SCP is only activated in the affected area. This strategy includes
the provision to connect the grid areas where SCP has been activated directly. SCP is mostly
justified by large amounts of renewable energies and imbalances in the grid. In Europe, SCP is
needed to balance high feed-in energies from wind farms. The amount of necessary SCP is
based on a comparison between the planned electricity consumption and production per grid
control area, and the actual power flows between the grid control areas. Depending on the
planned timetable for a grid control area and the real interexchange power between these and
the overall grid frequency, the needed power for SCP is estimated in an automated process by
the TSOs. Thus, the activation of SCP is automated, as is the activation of the systems providing
SCP. Similar to PCP, SCP has activation times and other requirements for prequalification. SCP
is offered in four different tenders: positive, negative, high tariff (HT) and low tariff (LT). The HT
period is from Monday to Friday between 8 AM and 8 PM, and the low tariff period is valid on
any holiday, weekend days and Monday to Friday between 8 PM and 8 AM. The prequalification
requirements must be proven to the TSO in the area the SCP providing system falls. In Germany,
for example, the minimum power requirement is 5 MW, which can also be offered by virtual
connecting smaller entities. SCP, in contrast to PCP, differentiates between positive and
negative control power in two different timeslots. Therefore, SCP is offered as four different
products. In general, BESSs are able to provide SCP; however, correct proof of work and layout
of the BESS topology must be designed accordingly [129]. Table 11 shows typical values for
BESS providing secondary control reserve, based on expert interviews, market design rules
[129, 130] and [106].

Table 13 - Characteristics of the APM SCP for BESS. Based on [106].

Parameter Value Unit
capacity 12 - 200 kWh
power 50 - 800 kw
cycles per year 400 n

DOC flat (refer to Figure 64)
mean SOC | low / high (refer to Figure 64)

3.7 Tertiary Control Reserve

In addition to the PCP and SCP, the minute reserve (MCP), also called the minute control
reserve, is used to compensate for fluctuations in the German electricity grid. It is activated after
a lead time of 15 minutes. The MCR supports the electricity grid when the frequency drops
significantly below 50 Hz or rises above 50 Hz. MCR is classified as either "positive"
(compensation of power deficits) and "negative" (compensation of power surpluses) MCR.
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Currently, flexible gas-fired power plants and pumped-storage power stations are mainly used.
Additionally, co-generation plants or decentralized generation facilities, such as emergency
power generators and biogas plants, are used. The MCR market is organized by the four
German TSOs. The demand is covered within auctions. The TSOs are responsible for
implementation, and they organize an invitation to tender via a common internet platform [131].
They are also responsible for the prequalification of the MCR providers. Prequalification of the
reserve units (e.g., generation units or controllable consumer loads) is applied to each control
zone separately. The connection TSO, in whose control zone the provider plant is connected, is
responsible regardless of the voltage level [131]. MCR is tendered daily via the internet platform.
The required minimum lot size is 5 MW. A pooling of smaller plants is possible to ensure the
minimum power. Activation occurs via telephone over the course of an automated retrieval. The
availability of the provided reserve can be secured by prequalified technical units of third parties’
plants in the same control zone [131]. The auction sale occurs according to the respective
capacity price. In contrast, the MCR is retrieved according to the energy price. In this way,
manipulations from incorrect pricing are avoided. MCR provides a further application field for
storage systems in the control reserve area. However, in the case of a power request, longer
operating periods of the reserve plants have to be assumed. This approach usually requires
sufficient storage systems or installed capacity. The application possibilities will be restricted if
sufficient plants to secure the provided reserve are not available.

3.8 Peak and Load-Shaving Services

Peak and load-shaving describe the application to move power peaks in either the negative or
positive direction from times of high load to times of low load. With reduced load peaks, grid
stabilization is more likely, grid operations per regulation-time segment are less necessary, and
end-users may profit from lower electricity costs. The time-dependent moving of power can be
realized using BESSs operating on the same bus as the load or directly coupled to the load. In
times of high load, the BESS stores surplus energy and releases that energy in times of low
load. This approach can result in reduced electricity bills for customers by charging/discharging
the BESS during load peaks [83]. Industrial energy consumers that require large amounts of
power during operation times are often faced with special tariffs [132]. These factor the
comparably high power demand with respect to the general load, which results in higher power
and energy prices. Demand charges are therefore directly connected to the maximum power
peaks, which are mostly measured over the course of a month or a year depending on the
electricity market design. The basic principles for using a BESS for load-shaving are described
in [132] and show in detail BESS size optimization and the optimal operation strategy for such
systems.

The fundamental methods for this APM are described as follows:

Praxneedea = Ppeak + Pgpss * NpEss
Emin,needed = Ppeak * Atshave (18)
Ppeak = Ppeakmax — Ppase

for power and energy necessities. The maximum power, P, neeqea, that peak-shaving systems
are forced to accommodate depends on the maximum power peak in the baseload, Pyeqx,,. . »
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and the system’s losses. The minimum energy needed is the maximum power peak of the load
divided by the occurring time period [133]. Table 16 shows typical values for a BESS providing
peak shaving services.

Table 14 - Characteristics for a BESS providing peak shaving services. Based on [106].

Parameter Value Unit

capacity | 0.25 - 25 MWh
power 0.05-5 MW
cycles per year | 300 - 400 [114] | n
DOC flat
mean SOC high

3.9 Primary Control Reserve

In the German federal electricity grid, the nominal frequency is 50 Hz. The primary control
reserve, also known as the primary balancing power, is used to compensate for unforeseen
fluctuations. This control reserve must be fully activated within 30 seconds to prevent a power
failure. The amount of balancing power required for the PCP depends on the size of the
electricity grid and the network topology [134].

In the integrated European grid (formerly known as the UCTE network), the frequency gradient
of the balancing power is approximately 20 GW per Hz deviation from the nominal frequency.
To ensure frequency stability, approximately = 3,000 MW PCP is maintained [135]. The power
is usually provided by larger power plants in Europe, and these plants automatically react to
minimal load fluctuations in the power grid. The demand for the German coverage area is
approximately 520 MW [136]. The PCP is automatically activated. For control purposes, the
corresponding generation facilities are connected to the TSOs. PCP is tendered by the TSOs at
a weekly auction, which is the responsibility of the connection TSOs. The connection TSOs are
the TSOs of the control zone where the PCP is fed into the grid by the provider. This action is
independent of the voltage level, and the tender of the PCP is symmetrical, meaning that no
separate tender exists for positive (power generation) and negative (power purchasing) action.
Participation in the PCP market requires prequalification, which in turn requires proof of the
technical ability to provide the service. Production facilities, energy storage systems, and
controllable consumer loads are permitted as technical units. The connection TSO conducts the
prequalification in their control zone and is the sole contractual partner of the provider. In the
case of a quasi-stationary frequency deviation of + 200 mHz, the power plant marketing PCP
must be able to deliver the total amount of PCP within a period of 30 seconds, including the
linear increase and decrease of the power provision and the ability to remain at that power state
for up to 15 minutes. The available PCP, the so-called primary reserve control band, must
account for at least 2% of the plant’s rated output. If the frequency deviation is less than 10 mHz,
the PCP will generally not be activated in conventional power plants. When using relatively
dynamic systems, a control within the 10 mHz range is also feasible (See Figure 21). A provider
that sells technical units in several control zones must have a respective framework contract
with each relevant connection TSO. A successful prequalification with prequalified power that
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accounts for at least the minimum lot size is necessary for the conclusion of a framework
contract. The framework contract is the prerequisite for participation in the joint tendering for
PCP [134].

A f
50,20 Hz

Ty 50,01 Hz
> 50,00 Hz
49,99 Hz

49,80 Hz

-1 P/P,, 1

Figure 21 — Power-frequency characteristics for power suppliers in a PCP market with a 50 Hz grid according
to the IGCC rules under ENTSO-E areas. Based on [137].

The TSOs’ common internet platform has been used for implementation of the joint tendering
since December 1, 2007. This common internet platform is used to publish the tender
requirements, manage the bidding, and inform the providers about acceptances or rejections
[134]. The minimum lot size was determined by the German Federal Network Agency on June
27, 2011, to be +/- 1 MW. However, it is permissible to ensure the minimum lot size by
aggregating the power of several smaller units. Energy storage systems with fast response
characteristics are ideally suited for providing PCP. They are considered an option to deliver
PCP that may no longer be available from large power stations [134]. An activation call of a
power supplier is outlined automatically and simultaneously decentralized for every market
participant. The power-frequency characteristic (P-f-characteristic) must be fulfilled during the
time a tender has been won. Figure 21 shows the characteristics of the UCTE grid. Inside the
band of tolerance (49.99 Hz and 50.01 Hz), power system operators do not need to interact with
the grid. For deviations in the interval of £ 10 mHz and + 200 mHz, the provisioned power is set
linearly until 100% of the won tender is delivered. Table 11 shows typical values for a BESS
providing PCP. Further insights including technical details on BESS design for APM PCP are
given in Subchapter 4.6.

Table 15 - Characteristics of the APM PCP for BESS. Based on [106].

Parameter Value Unit
capacity 1-5 MWh
power 4-20 MW
cycles per year 400 n

DOC | flat (refer to Figure 68)
mean SOC | middle (refer to Figure 68)
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3.10 Uninterruptable Power Supply

Using BESSs for uninterrupted power supplies (UPS) is a common application. ABESS serving
as a UPS is connected to crucial grid nodes, small island grids, or off-grid systems to either
buffer frequency flickers and disturbances or to provide emergency power for blackouts of
several minutes to a few hours [138, 139]. Because of the current nature of the UPS system,
lead-acid batteries are the primary market participant. The worldwide markets differ significantly
concerning UPS systems. The European electricity grid and the UCTE area show downtimes or
grid failure times of less than an hour per year. When translated into BESS behavior, such a
system shows the highest SOCs during its lifetime with a few flat cycles per year. Therefore,
they are equipped and outlined by relatively cheap lead-acid BESS systems [138, 139]. Table
16 shows typical values for a BESS providing UPS. Capacity and power data based on a
benchmark system by the company MTU Onsite Energy GmbH [106].

Table 16 - Characteristics of the APM UPS for BESS. Based on [106].

Parameter Value Unit
capacity | 0.05-1.65 | MWh
power | 0.05-1.65 | MW
cycles peryear | 2[114] n
DOC flat
mean SOC high
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4 Experimental and Case Studies

The following material represents a set of case studies that have been analyzed and partially
published alongside this thesis and either authored or co-authored by the author. The
Subchapters 4.1 to 4.7 will summarize the different APMs for LIB BESSs and present either their
legal or technical hurdles. The statements and findings are based on experiments and studies
that were conducted under a simulation framework for the Simulation for Stationary Energy
Storage (SimSES).

Core Issues:
Missing Economic Value and Legal Framework

I
Basics ‘
Chapter‘z.l /2.2 Applications
Legal Framework Chapter 3
Chapter 2.3
7 v
Experimental and Case Studies
Chapter 4
Multi-Purpose BESS Business Models
Chapter 5 Chapter 6

Figure 22 — Work progress in Chapter 4.

One core issue of this thesis, showing a novel system topology for economically valuable LIB
BESSs in grids, requires an understanding of the existing concepts for BESSs to assess the
overall system functionality, behavior and marketability. Thus, the following chapter presents the
fundamentals of the integration, operation and economic marketability of some of the main
BESS concepts as of 06/2016.

The excursus shows the extent to which R&D activities related to the LIB BESS module and
system technology research are present in regions of Europe, America and Asia by analyzing
patent, scientific and project data for LIB BESSs worldwide. R&D activity worldwide in the LIB
sector has increased dramatically throughout science, industry, and field projects. Subchapter
4.2, the second excursus of this work, explains the fundamental simulation environment under
which auspices the case studies 4.4 and 4.5 were developed. The SImSES simulation
environment is a software program written in MATLAB that provides a framework for simulating
LIB BESSs. Subchapters 4.3 to 4.7 each represent a case study for a specific APM of LIB
BESSs. These include residential home storage systems, which represent the unit of a single
household, an installed rooftop PV system and a LIB BESS. Subchapter 4.4 will show these
systems in detail and explain the operation strategies, which have also been discussed
previously in the literature. Next, LIB BESSs in an apartment building or multi-family houses are
addressed; these represent another viable solution for integrating RETs and accelerating the
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energy transition. A multi-family environment describes the unit of a single house that is inhabited
by at least two tenants. These may legally own a shared house community, the property and its
assets, i.e., a PV system or LIB BESS, but a third-party owned estate can be a common entity
as well. LIB BESSs in this instance will have a different operational strategy and integration both
legally and technologically. Subchapter 4.5 will give a brief overview of the technical
requirements and a more comprehensive view of the legal requirements. Subchapter 4.6
introduces LIB BESSs providing PCP as a centralized large LIB BESS in an MV grid.
Subchapters 3.7 and 3.2 provide specific knowledge in terms of the legal and regulatory
framework. Therefore, the case study mainly focuses on the operation of such a system. As a
result of a case study and the modeling of a South-East-Asian island and its power flows, LIB
BESSs are put into context for the possible reduction of CO; levels, and a lower capital cost
relative to the Association of Southeast Asian Nations (ASEAN) outlined energy roadmap for
this application in Subchapter 4.7. Last, Subchapter 4.8 will conclude Chapter 4 and outline
Chapter 5.

4.1 Excursus: Monitoring Innovation in Battery Storage Systems Technology

In the following subchapter, the results from innovation monitoring of BESSs, specifically LIB
technology, in patents, papers and projects are presented.

LIB technology has undergone a vast increase in attention worldwide from both the scientific
community and the public. While portable devices are generally equipped with a highly
developed battery, the need for better LIBs is a trend of the past decade. Mobile phones,
smartphones, tablets, laptops, wearables, electromobility devices and the need for grid stability
are the driving forces for the increase in research and media attention [45]. Because of their
favorable application in a broad variety of scenarios, BESSs are a promising technology to solve
major problems and advance technological progress in the near future. While general technical
improvements, e.g., higher safety or higher energy capacities for LIBs, are important, the
reduction of production costs is the main focus.

By reviewing patent applications, scientific papers and projects, interconnections among
research, development and the market impact of BESS development can be drawn. Scientific
papers provide a sufficient overview of research activity, and such a metric mostly covers publicly
financed research. However, scientific abstracts, in general, are not indicative of industry
research. Therefore, patent applications are used to determine industry R&D activities. (Note
that patents do not guarantee successful product entry into the market.) By combining scientific
data and patent data, the most promising technology developments can be determined, and the
efficiency and substance of previously mentioned work can be obtained. According to the
analysis of data from the worldwide patent database, PATSTAT [140], the major scientific
abstract database, SCOPUS [141], and the most complete project overview on BESSs in the
field, the DOE DATABASE [43], the distribution of research and the quality of LIB BESSs differ
widely in various continents and countries. Overall, the research shows a major increase in
activities regarding battery systems and module technology. The diffusion of intermittent RETs
reveals the lack of appropriate decentralized SES solutions for grid support and other
applications. The effects of intermittent energy sources start to become visible on a national
scale for countries with a high penetration of RETs. While increasingly frequent periods of
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negative electricity prices, caused by temporary oversupplies [142], may seem bizarre, they
underline the importance of SES to prevent electricity shortages, which could jeopardize the grid
stability. Because of their suitability for the desired decentralized structure, EES possibilities
have been analyzed in several studies, and all of the studies have highlighted the need for
improvements in the relevant techno-economic parameters of such (as of 08/2016). An analysis
of the PATSTAT database is an appropriate method to measure the innovation of BESS in the
industrial sector by analyzing the differences in patents per country and patent family size'® to
estimate the patent quality. Other methods are shown in [144], e.g., a country-wide comparison
of R&D expenditures, seem to lack precision, and input data are challenging to retrieve in
sufficient quality and quantity. Therefore, PATSTAT’s autumn 2015 edition, with a catalog of 67
million patent applications from more than 100 countries, represents the most comprehensive
source for the outlined analyses. Submitting a search query in such a database requires a
fundamental knowledge of the structure and overall configuration. There have been several
approaches to working with PATSTAT, and two approaches will be described briefly. First, a
keyword analysis represents a standardized keyword-based analysis, which is not suitable since
the patents are often machine-translated and the data precision is not country-wide [145]. The
Cooperative Patent Classification System (CPC)'’ harmonizes and refines patents to
technology classes containing 250,000 subdivisions [147].
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Figure 23 — Total patents in PATSTAT for battery system technology components from 1990 until 2014 for
CPC classes HO1M, H02J, HO2H, B60, Y02 and subclasses (n =262,075). The gray area represents vague data
due to a lack of topicality in the sources.

Following the approach of [45], the CPC for BESS was analyzed and submitted to the PATSTAT
database for analysis; Appendix A.1 provides the complete CPC query; however broadened by
adding SCOPUS and DOE data as well as focusing on a different technology to estimate. Similar

A patent family is a set of either patent applications or publications taken in multiple countries to protect a single
invention by a common inventor(s) and then patented in more than one country. A first application is made in one
country — the priority — and is then extended to other offices [143].

u The Cooperative Patent Classification (CPC) was initiated as a joint partnership between the USPTO and the EPO
in which the Offices have agreed to harmonize their existing classification systems (ECLA and USPC, respectively)

and migrate toward a common classification scheme [146].
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to [45], the specific results for BESS and module technology, depicted in Figure 23, show the
highest increase in patent applications in Asia. Since 1992, Asia has filed the most patents in
the research CPC sectors. In 1995 1,876 patents were filed, and the number of patents filed has
increased at a rate of 14.8% per year and reached 25,657 patents in 2014. Europe and America
show only small differences; other continents do not show significant action in BESS-related
patent applications. Overall, an increase in patent applications can be measured and identified,
which supports the assumption that BESS technology is gaining worldwide attention.
Remarkably, Asian countries have filed more patents in the analyzed areas than America and
Europe combined since 1996. Monitoring the innovation in LIB BESS modules and system
technology cannot singularly relate to patent filings. Patents are likely to reflect technological
rather than scientific activities [148], and monitoring worldwide innovation requires analysis of
scientific publishing. To qualify PATSTAT data, similar queries were run in the SCOPUS
database using the database’s API sockets. SCOPUS reflects the most comprehensive abstract
database listing of scientific journals, books and conference papers; patent listings were
disabled to avoid doublets. SCOPUS’ database is best queried with a keyword search in specific
categories. Thus, “battery system,” “battery module” and “battery pack” were inserted as
keyword search strings in the categories of engineering, energy, computer sciences,
environmental sciences, and mathematics. The full search string is available in Appendix A.2.
From the SCOPUS data, which is depicted in Figure 24, an increase in the number of scientific
abstracts from 1995 to 2014 at a rate of 12.3% per year was identified. Additionally, comparable
to the PATSTAT data, the number of scientific abstract publications from Asia increased nine-
fold since 1990; Europe had more total publications than North America in 2013. Asia led in
publishing scientific abstracts from 2005 onwards. Adding to the aforementioned findings, the
SCOPUS data indicates a strong increase in research related to BESS systems and module
technologies. Both the PATSTAT and SCOPUS analyses of patent and scientific data reflect the
pure output in numbers measured on a yearly basis.
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Figure 24 — Number of total scientific abstracts in the SCOPUS database for battery system technology from
1990 until 2014 for Asia, Europe, and America (n = 166,932). The grey area represents vague data due to the
lack of topicality in the sources.
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A more fundamental understanding of the matter is achieved by putting the total output numbers
in context. Patents, i.e., the PATSTAT data, can be categorized and qualified by adding metadata
to the analyses, e.g., geographical patent family size or total forward citations [149]. Monitoring
the innovation for BESS technology worldwide must cover metadata analyses because several
countries worldwide file numerous patents that will never be actionable [150]. A patent’s family
size is described by the OECD as “the set of patents filed in several countries which are related
to each other by one or several common priority filings [..]" [151]; a priority filing is the first patent
published within a patent family. A patent’s geographical family size counts the number of
jurisdictions identified in a patent family.
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Figure 25 — Geographical family size index for Asia, Europe, and America qualifying PATSTAT data of the
searched CPC classes (n = 262,075). The grey area represents vague data due to the lack of topicality in the

sources.

Forward citations can be defined as “the number of citations a given patent receives” [151].
According to this measure, a patent is more valuable for every additional country in which it has
been filed [152]. In addition, the geographical family size can be used to evaluate the
innovativeness of countries [149]. Thus, the division of the geographical family size by the total
numbers of patents filed per country per year is introduced as the geographical family size index,
which represents the quality of the total patent output. Figure 25 depicts the geographical family
size index for Asia, Europe, and America. The findings in Figure 25 show that the overall quality
of patents filed by America is greater than those of Europe and Asia. However, the trend of Asian
patents increasing steadily in quality stands in contrast to a number of patents filed by Asia, as
shown in Figure 23; Asia shows a major increase in patent filing, but the overall quality of the
patents has increased more slowly. Furthermore, the usage of forward citations highlights that
patents of more technological importance [153] lead to more innovative output [154] and are
more valuable [150]. Thus, the average number of citations per patent provides an economic
and technological quality index. Figure 26 depicts the technological and economic quality of the
patent data measuring the total average forward citations, and Figure 27 depicts the
technological and economic quality of the SCOPUS data measuring the total average forward
citations. The trends show an overall decline in the estimated patent quality, which can probably
be linked to the overall number of patents decreasing the amount of possible citations per patent
based on the overall numbers of patents available.
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Figure 26 — Average number of forward citations for Asia, Europe, and America qualifying PATSTAT data of
the searched CPC classes (n = 262,075). The grey area represents vague data due to the lack of topicality in
the sources.

However, the average patent quality in America is significantly higher than Asia’s and Europe’s.
Data for 2012 and the following years show a major decrease in the calculated quality, which is
based on the fact that an average patent needs time to be recognized and cited. Similar to the
PATSTAT findings, the analyses of SCOPUS scientific data show an overall decline in forward
citations per scientific publication see Figure 27. However, in contrast to the PATSTAT data, Asia
shows a major increase in forward citations of scientific literature per publication since 2005 in
the selected field of BESS technology. However, it is unclear which other science fields the
majority of citations are derived from and how this effect can be measured. A preferred
measurement tool is the h-index, which was initially proposed by Hirsch in 2005 [155]. The h-
index defines an index of h that measures an author’s h publications that have each been cited
by other sources h times. However, the h-index does not measure trending topics, i.e., newly
relevant literature that is more valuable than outdated topics with vast citations.
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Figure 27 — Total number of forward citations for Asia, Europe, and America qualifying SCOPUS data from
the sourced keyword search (n = 166,932). The grey area represents vague data due to the lack of topicality
in the sources.
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To overcome these shortcomings, [156] created the average contemporary h-index (ACH) in
2007, which is able to disclose latent facts in citation networks, i.e., trendsetters and brilliant
young scientists, i.e. papers in SCOPUS, and avoid overrating outdated work.
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Figure 28 — Average contemporary h-index [156] for Asia, Europe, and America qualifying SCOPUS data from
the sourced keyword search (n = 166,932). The grey area represents vague data due to the lack of topicality

in the sources.

An analysis using the average contemporary h-index of the SCOPUS data shows that the ACH-
index, which is depicted in Figure 28, does not significantly differ and does not show any
significant trends for the analyzed continents. Thus, the SCOPUS data are of limited use for
monitoring BESS technology innovation for quality differentiation.
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Figure 29 — Left, the annual and cumulated number of electrochemical storage systems data derived from the
DEO Database (n = 585); right, the number of electrochemical storage systems projects.

In addition to technological and scientific data analyses, innovation monitoring for BESS
technology can leverage from the DOE Global Energy Storage Database [43], which is
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maintained by Sandia National Laboratories. The DOE Global Energy Storage Database was
introduced by the U.S. Department of Energy and Sandia National Laboratory in 2012 with two
major purposes: to contribute to the rapid development of BESSs and to provide free, up-to-date
information on grid-connected energy storage projects [43].With a total number of Nt = 1,370
records, taken out of the DOE database, distributed over all types of SESs, electrochemical
systems account for up to 55% of the entire dataset. Within the range of electrochemical energy
storage, the LIB-based systems have a share of 60%), which corresponds to 33% of all projects.
The evaluation of the DOE data reveals that most BESS projects focus on the following
applications: 1. renewable capacity firming, 2. frequency regulation and 3. electric bill
management. Renewable capacity firming describes any application separating the generation
of RETs and their distribution, and electric bill management refers to the use of BESSs to achieve
lower electricity costs, e.g., by storing RET surplus energy. Based on all of the analyzed
applications, 75% of LIB BESSs have a capacity of less than or equal to 1,000 kWh, and 50%
of LIB BESSs have a capacity that is less than or equal to 200 kWh. Figure 29 shows the
resulting share of LIB BESSs from 2008 until 2014 with a yearly increase of 47% in LIB BESS
projects. Also depicted in the right part of the figure is the steep increase in BESS projects.
Further data are available in the Appendices A.3 to A.5. In conclusion, the outlined analyses of
the R&D activity for LIB BESS module and system technology in patents, science, and projects
agree with the vast impacts for policy makers. From a scientific point of view, a clear dominance
in R&D activity can be observed in the Asian region, depicted in Figure 23 and Figure 24. This
is, however, relativized when interconnecting the data, i.e., indices or other metrics such as the
h-index or ACH, to estimate the quality of the R&D activities. Figure 25 to Figure 28 reveal these
interconnections and indicate that the sheer amount of R&D activity in the Asian regions is,
relative to the overall size, similar to that in America and Europe when factoring in the quality of
such work. Figure 28 shows that in 2006 and 2007, the existing “skeptics towards LIB technology
due to product recall campaigns in 2006” [45] were overcome, and the overall R&D activity
increased, which was found by [45] for SES technology as well.
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Figure 30 — Number of electrochemical energy storage projects per year.
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While patent and scientific based data show similar tendencies for both, the overall quantity and
quality for all analyzed areas and the overall project implementations worldwide indicate a
different view. While America, Europe, and Asia started large LIB BESS project installations
simultaneously beginning in 2010, the continent of America, especially the U.S., almost doubled
their LIB BESS projects by late 2014, refer to Figure 30. Recent roll-outs of LIB BESSs under
competitive market processes, i.e. Tesla’s win of a 20 MW / 80 MWh LIB BESS request for
proposal as of 09/2016 [157], brought in context with the aforementioned resulting timeframes
of increased activity in research, papers and projects, from SCOPUS, PATSTAT and DOE data,
leads to the assumption that it takes a continent, or country, between three to six years from
R&D in science and industry to implement demonstrator systems and another four to eight years
to move from demonstration projects to economic, i.e. self-sustained business cases. This
timing can be especially important for further analyses regarding the specific timelines for R&D
funding, legal and regulatory action, and market building competitiveness for LIB systems,
empowering these to win open requests for proposal tenders and other markets.

4.2 Excursus: The Simulation Environment — SIimSES

The software SImSES allows for a detailed techno-economic simulation and evaluation of SESs
with a current, main focus on LIB BESSs. Various application scenarios of SESs, such as self-
consumption maximization in households with PV systems, grid-supporting operation via peak
load reduction, provision of control reserve, arbitrage trading on the electricity market, or even
the combination of different applications, can be simulated. The simulation scenarios and the
technical components of the SES can be flexibly selected. The abstract energy storage model
of the modular and object-oriented software is one of the most important components, which
allows for the variation of different storage technologies. Furthermore, stress detection facilitates
the estimation of the degradation of the energy storage device. For this purpose, various aging
models can be used. However, detailed models are specifically developed for BESSs based on
aging experiments. To optimize the use of the EES in various applications, a large number of
operating strategies are implemented. In addition to the technical analysis for the calculation of
relevant key figures, an economic evaluation allows for an economic investigation of the
simulation results. The simulation tool SIMSES has already been used in various publications
for the analysis of the application of "PV home energy storage" [26, 158] as well as "primary
control reserve" [137] and is currently being further developed. The medium-term objective is to
make the software available for further non-commercial use and development to the public. The
software is developed in MATLAB and Simulink in conjunction with vast amounts of experimental
data from LIB cell and LIB module testing. The founding developers are researchers from the
Institute for Electrical Energy Storage at the Technical University of Munich; who presented the
simulation framework in several contributions to the scientific community [159-162]. Figure 31
depicts a general overview of the SImMSES software and its available modules for BESS
simulation. As of 12/2016 the SimSES tool is comprised of the following modules and models

= the operation strategies and applications module
= the electric model

= the thermal model

= the battery voltage-resistance model

= the aging model
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= the economic valuation module

each of which contains at least one but often several options to carry out simulation tasks
according to the simulation environment the storage is set up for. The tool handles simulation
data in a single storage objects which can be called by functions of the different modules and
models according to a main script. The main script in SImSES is arranged as a series of
functions, which handle one or more BESS objects, to conduct the simulation over time and
delivering visual and data results. In this thesis, the operation strategy module, the operation
module, the electric model and the aging model were used. The thermal module and the battery
voltage-resistance model were not used because of simulation time and the necessary precision
that the hypothesis of this work required.
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Figure 31 — The SimSES software with a depiction of all the available modules for BESS simulation as of
11/2016.

For a better overview, the following will discuss how SIimSES works internally, what the input
data is and how the results are evaluated.

The basic input data for the SIMSES software consist of a series of data profiles, e.g. a load
profile for the grid the BESS is simulated in or a PV profile for generation data, as well as
definitions to set up the simulation object. Besides, helping variables and simulation parameters,
e.g. starting time of the simulation, end time of the simulation, length of the input load profile et
cetera, the input data covers the setup of

» the PV system/s attached to the BESS

= the type of thermal model

» the type and settings of power electronics (including efficiency formulas)
= the technical data for LIB

» the economic data for valuation calculations

= the operational strategy of the BESS

The following will briefly discuss the general functionality and logical code structure of the
SIimSES tool and has been published in “Economics of Residential Photovoltaic Battery
Systems in Germany - The Case of Tesla’s Powerwall” [158].
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The SImSES computes the power flow between solar generation, a household load, BESS and
the public electricity grid, considering inverter efficiency and battery round-trip efficiency as well
as the aging related capacity fade of storage. The sample time (4t) between the simulation steps
(k) is variable, however limited to the quality of load and generation profiles. The simulation is
run for the whole regarded period to explicitly capture the effect of battery degradation on the
system performance and consequently the generated savings. The power values are calculated
in watts, energies are considered in watt-seconds, the SOC and efficiencies are calculated in
per unit values between 0 and 1. Self-discharge of LIB typically ranges around a few percent
per month [163] and is thus neglected in calculations. The battery energy capacity does not
remain constant, but continuously decreases over time because of aging effects.

main script start

load generation data
load load data

set technical data of PV system

set technical data of load

set technical data of storage technology
set technical data for thermal Model

set technical data of power electronics

set economic data for electricity prices
set economic data for BESS cost
set economic data for inflation
create
create power electronics
create battery
create aging Model
create generation
create load
create cost structure
create electricity prices
generate
storage simulation
run storage
load operation strategy model
execute storage operation strategy
calculate residual load
iterate power BESS
load electric model
set power BESS
apply power limits
calculate power at battery terminals
calculate self-discharge
calculate SOC
update
detect aging stress
load detection model
cycle detection
start cycle detection
determine cycle stress
update aging stress
update capacity throughput
update
calculate aging
load aging model
aging calendric
aging cyclic
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calculate total aging
calculate storage capacity
update
calculate grid power exchange
limit power to grid
evaluation of technical data
calculate total energy
calculate total grid interaction
calculate peak loads
calculate losses
calculate SCR
calculate SSR
calculate reference scenario without storage
calculate aging values
update
evaluation of economic data
calculate interest rates
calculate depreciation times
calculate total investment
calculate replacement cost
calculate maintenance cost
calculate energy cost and revenue
calculate NPV
calculate reference scenario without storage
update
save

main script end

Figure 32 — Basic structural overview of the SImSES tool, laying out main functions and calculations

necessary for simulation.

The battery aging model adjusts the capacity of the simulated residential BESS continuously
with respect to simulation time passed and the battery’s load. Efficiency degradation is not
included in the aging model. A cycle-counting approach is used to determine the stress put on
the battery. This method stems from the materials science, where material fatigue is defined as
the weakening of material due to repeatedly applied mechanical stress. Experimentally gained
Wéhler-curves (also referred to as S/N-curves) describe the amount of stress cycles related to
the applied force onto the material, until it fails. This method is adapted to estimate cycle aging
of batteries. Assuming independence of calendric and cycle aging, a superposition approach to
account for both simultaneous aging effects is used. Cyclization-caused degradation depends
only on the inflicted stress on the battery; the aging progress itself does not influence the aging
speed, hence time-dependency is neglected in the system simulation. The depth of cycle (DOC)
describes the amplitude between the peak and the minimum state-of-charge within a cycle and
determines the cycle-aging. The cycle counting algorithm detects half-cycles. These are
distinguished between charging, discharging, and resting periods of the batteries. The cycle
counter determines the cycles by detecting zero-crossing of the battery terminal power-flow.
Every time the power-flow changes to zero, the end of a half-cycle is declared and the difference
of the SOC at the beginning and at the end of the detected cycle is calculated in order to obtain
the DOC. According to a model provided by [164], smaller DOCs lead to reduced aging when
compared to large DOCs.

Thus, the SIMSES tool provides a comprehensive simulation model for a single BESS operating
a specific OS for a given generation and load profile. By combining several SImSES simulations
and overlaying analyses and manipulation functions for load and generation of each single
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simulation, multi-purpose BESS can be simulated. Refer to subchapter 5.2 for a full description
of an MP-BESS simulation setup based on SImSES.

4.3 Case Study: Grid-Level Adaptability for Stationary BESSs

Regarding the aim of economic implementation of BESSs, understanding and predictability of
the usability of BESSs are prerequisites to assess the overall system technologies, costs and
economic benefit. Thus, the ability of assessing the adaptability of BESSs in a certain grid level
is directly linked to the decision to invest. The fundamentals of grid-level adaptability required
for such challenging predictions are presented in Chapter 4.1 and are published as the
“Evaluation of Grid-Level Adaptability for Stationary Battery Energy Storage System Applications
in Europe” [39].

Fundamentally, BESS implementation is dependent on the readiness, i.e., the economic value,
of a certain APM for a specific grid level. For a BESS, the highest economic value is expected
in the grid level in which its adaptability, e.g., suitable regulatory framework or working business
case, is the highest. In addition, MP-BESSs, which will be further described in Chapter 5, have
yet to be analyzed for possible grid implementation according to the APM necessary voltage
level, since these systems serve grid overlapping.

The vast majority of BESS implementation theories and investigations focus on a single grid
level, whereas the interaction of such systems between grid voltage levels has been widely
neglected [165]. Whereas the necessity for SES in future grids seems unavoidable,
policymakers, projectors and operators of BESSs focused only recently (as of 08/2016) on
stacking of APMs to increase BESSs’ economic value.

Complications and challenges in transmission and distribution grids originate mostly from the
sum of challenges in lower voltage grids. BESSs are a major factor in addressing these
challenges at their origin and influence grid stability and quality in a positive way. The
superimposed effects from several LV-implemented BESSs on higher grid levels and their
multiplicative positive effects on upper grid levels are described in this chapter. Figure 33 depicts
the effects of Europe’s energy transition toward a low-carbon future over time. The electricity is
produced hierarchically and fed into the XHV or HV level before it is transported to lower voltage
levels to be transformed into MV and LV levels to be consumed locally. The European electricity
grid is divided into four different voltage levels: XHV, HV, MV and LV with a maximum of 380 kV,
110/220 kV, 10/20 kV, and 400 V, respectively.

The shift has already occurred from a typical unidirectional load system, in which power and
energy flow mainly from large, central power plants and are transported from extra-high voltage
(XHV) levels into lower grid levels and finally to the end consumers, to a bi-directional grid with
load flow over all voltage levels. In several grid areas in Europe, peak load flows in backfeeding
scenarios have already reached medium-voltage (MV) and even high-voltage (HV) grid levels.
These areas face shifting in load flow due to massive installations of RETs. Whenever local
RETs feed-in more energy and power than the demand, backfeeding occurs. It has been
observed in several areas in Bavaria, Germany that massive RET installations in LV grids lead
to backfeeding into MV and HV areas. Two effects categorize this as a problem. First, the large
backfeeding energy and power have to be consumed somewhere else in the grid. If this is not
possible, grid operators will activate control structures, i.e., demand-side management, and
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negative energy prices will occur in electricity markets [166—168]. Second, the energy that has
been produced in a local grid area has the greatest carbon-reducing effect if it can be consumed
in an intelligent way directly in the local grid area.

--- XHV

- HV

MV -- @

Figure 33 — Grid structure and influence from heavy installation of renewable-energy producers, mainly
decentralized producers at the distribution grid level. Blue arrows show backfeeding of power up to the XHV
grid level due to the heavy PV penetration in the LV and MV grids. Orange arrows show the conventional

power flow from the XHV toward the consumers without a backfeeding scenario [39].

However, the vast majority of power peaks occur over only a few hours [166] in a year. [169]
shows that the top 1% of power peak hours in a year (87 hours) accounted for 8% of annual grid
reinforcement spending (680 million USD) and that the top 10% of power peak hours in a year
account for 40% of the annual grid reinforcement spending (3 billion USD). Similar findings are
presented in subchapter 4.3 for a case study in Germany.

Unusual days, i.e., a Sunday during holiday time in May with comparably cold PV systems,
minimal grid load in Germany, and major feed-in from RETSs, lead to such events. Consequently,
grid level adaptability includes the ability of a BESS to prevent such errors in the grid by providing
negative or positive power to the grid. A better understanding into the matter is achieved by
examining the history of grid expansion and configuration in Europe. Over the last century, grids
were developed mainly by state-owned utility companies to secure economic growth and wealth
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for the people. Several voltage levels with different purposes exist between the production of
energy and the consumption of energy, and the choice of grid level connections needs to
consider transmission losses and the ease-of-handling; longer transmission distances require
higher voltage levels because losses along the line are proportionally smaller for higher voltage
levels. However, this approach leads to an increased insulation requirement, which is
accompanied by handling issues and a cost increase. Distribution grids in local areas are
different from transmission grids and do not require long distances between points of interest;
thus, they consist mainly of LV grid levels.

The XHV grid level in Europe serves as a transmission grid over long distances within and
between national grids. It operates at a voltage of 380/220 kV, and connected electricity plants
are rated at up to several 1,000 MVA. At this level, the grid is required to be operable even after
one component, such as a transformer or a circuit, fails (i.e., the n-1 criterion). The HV level in
Europe has arated voltage of 110/60 kV and serves the trans-regional transmission of electricity.
Typical electricity plants in this grid level yield powers of several MVA up to several 100 MVA.
The n-1 criterion is also in effect at this level. Only a small share of the HV grid is built using
cable (9.5%), and the remaining majority of the grid consists of overhead lines. The regional
distribution of electricity is performed with MV grids, and typical consumers yield larger power
loads of more than 100 kVA. The voltage level ranges from 3 kV to 30 kV. Most lines at this level
are installed as cable (78.8% in Germany). Small scale prosumers (prosumer: a consumer who
becomes involved with generating, using and providing electricity for their own needs) are
connected to the power system in LV grids. This scale involves private and commercial
customers using less than 100 kVA. Cable installation is dominant at this grid level, with a share
of 89% in Germany. The n-1 criterion is frequently not in place, and the additional investment
cost to ensure the enhanced reliability is not justified for small grid sizes with only minor impacts
of power outages.

Currently, an increasing share of RETs results in an increasing number of grid errors and quality
problems. Transmission congestion, balancing needs, voltage limit violations and overload
scenarios of network operating resources are some of the challenges induced by RETSs. It has
been shown in [39] the extent to which BESSs adapt in the different grid levels in Europe. Table
17 shows the technical grid level readiness for different BESSs regarding the influence on other
grid levels when inserted in a specific grid level with a certain APM. Because (as of 2016) most
load peaks, mainly for a backfeeding scenario, occur in LV and MV grids, a BESS serving APM
GRID, see Subchapter 3.4, is best situated near the error sources in the same grid level.
Possible unloading of an MV/LV transformer is technically only possible within the LV level
because of grid overloading in the LV level. Large-scale RET implementation in LV grid areas
often leads to an overloading of the local grid because of highly fluctuating energy production
without any reliance on the local grid load during the same time. Thus, an LV grid will start
feeding energy back whenever the produced energy exceeds consumption, leading to grid and
transformer overload in the worst cases. A BESS situated in the same LV grid can be charged
during times of high backfeeding power and discharged during times of low or no backfeeding
power to unload the local grid and transformer. A BESS situated in the superimposed MV grid
cannot fulfill this task. With regard to APM SELF, see Subchapter 3.1, BESSs are rather unusual
for implementation if the grid levels exceed LV since most consumers interested in SELF are
situated in LV grids; in Germany, the renewable energy acts progressively subsidy BESSs in
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these areas. It was shown in [39] that the LV level promises the most functionality for assessing
the possibilities of BESSs.

Table 17 — Evaluation of technical grid level readiness for providing a certain APM with BESSs under the
constraints of BESS sizing and costs [39]. The more stars the higher is a BESS’s APM in a certain grid level.
Gray field show either technology or economic unviable cases.

Level XHV HV MV LV Source

APM

GRID x| e feo ] 1117, 118]
SELF #* | [158, 170-173]
PEAK-S * | e o] [132,133]
UPS * | e o] [138, 139]
PCP *k%k *k% *kk | *kkk

SCR * *k%k *kk | kkk [1267 127]
TCR *% *kk | kkk

ISLAND o | o ek | [174-177]
| D M *k%k *k%k *kk | kkk [113]
BSC *% *kk | kkk | *kk [41, 108]

On the grid of the DSO KWH Netz

The KWH Netz GmbH is a distribution grid operator (DSO) situated 45 minutes east of Munich,
Germany, and it has been one of the most valuable partners in creating this thesis, which is
supported with data from their grid. The KWH Netz GmbH operates, plans and expands the
electricity distribution grid for 21 municipalities with 550 transformer stations and over 15,000
grid connections and a single circular MV grid that is connected via MV/HV transformer stations
to higher grid levels. The KWH Netz GmbH’s service area covers 314.4 km2.

The following data and analysis pertain to the complete service area of a DSO in East Bavaria.
For data gathering, KWH Netz GmbH worked closely with the EEBatt project and provided deep
insights and data for scientific investigations in this thesis.

With over 48.46 MW of RETs, the KWH Grid area shows significant installations of RETSs,
depicted in Figure 34, in the last decade. Out of the 48.46 MW, 36.9 MW of non-adjustable
generation originates from PV systems installed in LV and MV grids [178]. The share of wind
power in this specific region is relatively small and contributes negligibly to the outlined
hypotheses and calculations. The total RETs mounted in KWH’s LV grid account for over 32.06
MW [178] in power, which leads to major feed-in management actions by KWH Netz GmbH to
ensure grid stability, particularly in the summer. Currently, the foremost LV and MV biogas RETs
are operated automatically and can be directly controlled by KWH Netz GmbH for grid stability
purposes from a central control station. The bottlenecks for grids under these circumstances are
line distances and transformer capability, representing all the transformers that are in
overloading status over a longer time period because of vast amounts of backfeeding power,
overloading the thermal overcapacity with which transformers are equipped. Considering that
60% of RETs in the KWH’s grid are installed in the LV grid, it is apparent that a decentralized
solution approach to solve the upcoming problems should be preferred to alleviate grid
bottlenecks. The bottlenecks, foremost situated in the LV grids because of the lower oversizing
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of the grid equipment, are the installed LV/MV transformers that are too small and have
insufficient line capacity in the LV grid. Both bottlenecks lead to overvoltage problems and
overloading problems in grid utilities.

photovoltaic MV: 6.50 My hydro power: 1.09 MW
landfill gas: 0.92 MW

biogas LV: 1.66 MW

biogas MV: 7.86 MW

ind power: 0.03 MW

photovoltaic LV: 30.40 MW

Figure 34 — Shares of renewable generation for the KWH service area [39].

This situation is the result of the quick growth of distributed or decentralized RETs that feed
energy and power into the grid in combination with the underlying grid planning periods of
several decades, mainly due to the average grid equipment lifetime of 30 to 40 years [179].

Extreme installation of RETs in small grid areas affects the connected MV grid and the HV/MV
transformers. Figure 35 depicts the exchange of the considered MV grid with its superimposed
HV grid structure for both transformer stations, Altdorf and Stollnkirchen. Over the years from
2009 to 2015, the bar plots show the exchanged energy, and the line plots refer to the maximum
15 minute measured power peak in each transformer station. Each of the aforementioned values
is shown separately for the positive and negative load flow over the substation. While the
maximum peak loadings for the whole period under review remain nearly constant, the
maximum power fed into the HV grid from the MV grid shows a steep increase. With the
knowledge that no relevant additional fossil fuel generation units have been installed in this
timeframe, the rise of the maximum power backfeeding is the consequence of adding RETs to
the MV grid. Data from the central RET register in Germany indicate that mainly PV in LV is the
reason for this observation. Aside from the maximum backfeeding power, a decline in the overall
energy consumption from the superimposed HV grid can be observed. This observation is based
on the fact that with more RET installations, the amount of consumed energy directly from RETs
instead of from HV grids is higher. Such a steep incline in both power and energy backfeeding
led to a situation in 2015 in which energy was fed back into the HV grid for more than 77% of
the operation time at Stolinkirchen substation. This result was caused by massive RET PV feed-
in during the day and additional RET biogas feed-in at night. Additionally, in 2009, the maximum
backfeeding for Stollnkirchen was 3.50 MW, whereas, in 2015, this number increased to 18.48
MW. Even though the increase gradient of the RET backfeeding power has declined over the
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past several years, a specific trend toward major power flows from MV into HV grid areas can
be observed.
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Figure 35 — Measured exchange (blocks) with the HV grid at transformer stations Stollnkirchen and Altdorf
for the years 2009 to 2015 (positive values indicate backfeeding from MV to the HV grid) [39]. The lines
represent the maximum measured 15-minute peak load occurring each year for each transformer station.

Based on the given results and analysis, the methods and regulations for grid expansion are not
valid for a shift in the grid usage from the normal parameters. Regular grid expansion was and
is triggered by load profile analyses of DSOs and TSOs to maintain grid stability and reliability.
However, in the presented case, grid backfeeding outnumbers the grid load regarding the
maximum power necessity. Thus, grid expansion and reinforcement must consider major feed-
in peaks due to the high RET share in grid areas. With regard to the aforementioned discussion,
the increasing overall share of RETs worldwide, e.g., in Germany the Renewable Energy Act
(EEG) set a goal of a 50% share of RETs by 2030, will increase these problems in grid structures.
Consequently, the amount of electricity fed into higher grid levels will increase in the future to
meet the goals of the RET shares. Considering not only the consequences in the MV and HV
grid levels, the LV transformer stations in the KWH grid area were analyzed. Additionally, BESS
implementation with different setups in the studied grid were designed and analyzed. Because
of the high number of RET sharing in grids, increasing values for curtailment at the generation
units are necessary; otherwise, the grid overload would lead to malfunctions when network
resources are overloaded for backfeeding scenarios. If this situation were to occur, individual
monitored resources would reach their limits, and smaller entities without monitoring, such as
MV/LV transformers, would also be overloaded. Figure 36 represents all transformer stations in
the analyzed grid area, and the foremost smaller units with S,, < 100 kW (not exclusively,
however) show overloading during backfeeding operations. For all of the MV underlying LV
grids, decentralized solutions present a valuable option for solving local grid overloading
problems and positively influencing the superimposed grid reinforcement and cost savings in
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the grid extension. The data shows that the presented HV/MV substation with a maximum power
of S;, = 17.5 MW operated for 390 minutes in overload in 2015. Connecting this observation
with the assumed increase in the RET share and backfeeding power, it is concluded that there
is an urgent necessity for grid expansion or reinforcement at this substation.
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Figure 36 — MV/LV transformer loading in 2015 for the backfeeding scenario with no assured load and a
simultaneity factor of 0.85 [116] for distributed generation [39]. Each data point represents a single
transformer and its maximum load during a one-year simulation in the assessed grid.

To avoid, conversely, an exchange of the complete substation structures, a relief of less than 2
MW must be realized. BESSs inserted in the local LV grid and operating in the SELF APM
(Subchapter 3.1 and Subchapter 3.3) can achieve a reduction at the mentioned HV/MV
substations. Based on the local overloading scenarios, shown in Figure 36, the advantage of
decentralized approaches becomes apparent.

Namely, an implementation of BESSs in the LV grids directly influences any superimposed grid
whenever the power peaks are shifted to times of lower grid usage during LV grid overload. To
evaluate the effectiveness of the distributed storage regarding HV/MV transformer relief, the
studied MV grid was used in a load-flow calculation. For the pictured backfeeding scenario,
renewable generation with a simultaneity factor of 0.85 was considered; to reflect a worst-case
scenario, no load was assumed. Storage was located at every LV bus within the indicated radius,
r, around the HV/MV transformers, and the installed RET power exceeded the transformers’
rated power. BESS power was chosen according to the overloading of the MV/LV transformers
for the initial load flow calculation without storage. In Figure 37, the central storage refers to a
scenario in which only one BESS was connected to each HV/MV transformer with half of the
total power of all the distributed storage. For all of the different configurations, a load flow
calculation for the backfeeding scenario was performed, and the HV/MV transformer loading
and the grid losses were calculated.

While the distributed storage showed only slight differences in the absolute reduction of the
transformer loading relative to a central storage grid, the losses decreased significantly with
increasing storage distribution radius. Reduced grid losses were a result of the decreased power
flow in the MV grid because the distributed storage stored a non-negligible share of the
distributed generation. With a total storage power of 4 MW installed in the LV grids, HV/MV
transformer loading can be reduced by up to 3.98 MVA.
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Figure 37 — Influence of LV storage on HV/MV transformer loading and MV mean grid losses (backfeeding
scenario with high renewable feed-in and no assumed load) [39].

Thus, distributed BESSs can effectively reduce the loading of central resources with the added
benefit of lower grid losses and reduction of local grid and transformer loads. While the extent
of the HV/MV transformer unloading and the reduction in grid losses depend on the network
configuration considered, the tendency remains true for all grids. A short comparison between
the costs for the necessary transformer exchange costs with and without BESS installation in
Table 18 shows the contribution BESSs can make. Further financial benefits can be achieved
by operating the storage with increasing self-consumption and the provision of negative SCR.

Table 18 — Evaluation of cost savings regarding BESS installation in a varying radius around an HV/MV
transformer station to combine the unloading of the MV transformer station due to installing BESSs in the LV
grid [39] and according BESS costs for today and future prices (see Table 20, EUR to USD 12.12.2016).

Radius Transformer Avoided transformer 4 MW BESS costs 4 MW BESS costs
exchange costs exchange costs today future
Bbas 1,490,000 €
Central 490,000 € 1,000,000 €
1 km 490,000 € 1,000,000 €
2km 454,000 € 1,036,000 € 2,310,000 € 1,382,000 €
5 km 394,000 € 1,096,000 €
10 km 352,000 € 1,138,000 €

In conclusion, LIB BESSs are suitable and, from a technical point of view, capable of installation
in any grid level. However, the outlined analyses show that LIB BESSs operating in LV grids are
provided by the technical configuration of these grid levels with additional room for APMs, which
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are not present in the MV, HV or XHV grids. Although the majority of BESS APMs are not
economically viable under all circumstances, the addition of APMs onto a system seems to be
an appropriate method for increasing the economic value of BESSs, which is one of the core
issues of this work.

4.4 Case Study: Residential Home Storage

BESSs in the context of a single family home, i.e., residential BESSs, increase the connected
households’ SCR to minimize electricity cost, as shown in Subchapter 3.1. Currently, BESSs in
this context store surplus energy generated from a local PV system, which is under legal unity
with the house owner, and provide energy in times of low or no solar irradiation to compensate
the load. In the future, a variety of use-cases for residential BESSs will occur; rising shares of
electricity generation by local entities, such as private or shared PV systems or wind farms, will
lead to further destabilization of the grid. However, the integration of residential BESSs in
modern grids is currently mostly driven by benefits to individuals. Residential BESSs are built in
houses that have PV systems installed and are mostly economically driven.

For end consumers, BESSs are most meaningful when they are economically beneficial and
reduce a house owner’s electricity bill; the net present value (NPV) of such an investment is at
least positive for a given time period of operation. From a legal perspective, the integration of
residential BESSs is uncomplicated. Many countries have enrolled in programs supporting the
installation of residential BESSs because of the side effects that residential BESSs offer grid
operators and regulators.

By simply changing the charging algorithm from strategy A, which is supposed to be greedy from
the house owner’s perspective, for example a strategy B can provide the identical benefit to
homeowners and grid operators. Additionally, residential BESSs may have a positive influence
on electricity grids. The motivation for DSOs arises from grid voltage stability, the maximum
installable PV capacity and grid relief leading to reduced grid reinforcement demand.

On the Tesla Powerwall v1.0

The following material serves to give a brief overview of the results of the co-authored publication
“Economics of residential PV-battery systems in Germany” [158] based on Tesla’s Powerwall
residential home storage system to better understand BESS operation in residential
environments.

A proprietary power flow simulation model was implemented to assess the technical and
economic outcome of a residential PV system running with BESSs [26]. A series of different
configurations of household loads and PV systems was examined; the overall assessment took
households from 1,000 kWh to 10,000 kWh into account with installed PV systems of 1 kWp to
10 kWp. The utilized load profile consisted of 15-minute values over an average of 100
households in Germany over the course of one year [180]; furthermore, the generation profile
was measured with a sample time of one minute on a PV system in Munich, Germany in 2009
[158].
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Table 19 — Reference scenario data based on Tesla and used for the case study simulation.

Name Value Unit

Usable energy capacity | 6.4 kWh
Rated power | 3.3 kw
Round trip efficiency (battery system only) | 92.5 %
Battery chemistry | NMC -
Time period until 80% capacity | 15 | years
Full cycles until 80% capacity | 5,000 | cycles
Price | 3,615 | EUR

In addition to the load and generation profiles, electricity price developments were set for two
different scenarios: first, a constant electricity price of 28.72 ct/kWh [181] and, second, an
increasing electricity price of 4.55% per year with a starting price of 28.72 ct/kWh in the first year
of the simulation [182]. Simulation parameters according to Tesla’s Powerwall were set for the
same chemistry of LIB cells that Tesla uses, shown in Table 19. Simulations were carried out
over a 20 year period, and BESS aging was set to an end of life (EOL) of 80% after 5,000
equivalent full cycles by using degradation curve fitting [164]. The BESS operation strategy was
set to a greedy algorithm.
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Figure 38 — ROI for the reference scenario over all the simulated PV system sizes and household loads. The
thick red line emphasizes the savings threshold of the BESS with an ROI of 0%. (a) Results for the constant
electricity price scenario and (b) results for the rising electricity price scenario [158].

The results, depicted in Figure 38, of the investigation clearly present the impact of a
household’s consumption and PV system size on the effectiveness of BESS. The ROl increases
with both the PV system size and the annual load until saturation is reached. As the figures
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depict, this effect results in a U-shaped contour. Neither the annual load nor the PV size directly
correlate with the economics of the BESS. Instead, both variables yield matching values for the
BESS to achieve the optimal ROl [158].
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Figure 39 — The SOC-range of the BESS for each day is depicted in the blue areas whereas unused energy
throughout a day is depicted in gray [158].

Figure 39 shows the utilization of the BESS, where the SOC-range is given for one year of
operation. The blue area shows the SOC-range of each day, whereas the grey area illustrates
the energy content of the BESS that is not consumed within the entire day. The resulting data
was calculated with a 4,500 kWh household and a 5 kWp solar system over one year. The
results indicate, that a) the average load of a household in Germany is not sufficient to use all
stored energy in the BESS, i.e. due to high solar irradiation during summer days and thus high
self-consumption of the PV power itself, and b) that, due to weather effects, a household’s BESS
has a low capacity factor over the course of one year if only used with a single APM. Residential
BESS systems, mostly independent of the operation strategy, are highly dependent on the
overall configuration of the system. This coupling will dissolve in the future if rising electricity
prices, falling feed-in tariffs, and or falling BESS prices can be assumed. A residential BESS,
additionally, will gain more attention when coupled with electromobility, which can used in BESS
swarms or shared economy, coupled with smart home technology, steering charging regimes of
vehicles, that require temporarily large amounts of energy and especially power.

On feed-in tariffs
The feed-in tariff was the most preferable option for selling electricity generated by PV power
plants until grid parity was attained in the year 2012.

Grid parity describes the decline in the feed-in tariff below the current electricity price for
household customers. In 2014, this guaranteed subsidy contributed significantly to the coverage
of approximately 6.9% of the net electricity consumption by PV energy. The legal remuneration
entittement of the plant operator against the grid operator for each supplied kilowatt hour of
electricity is still a predictable and safe source of income for an investment in a PV plant. The
annual high numbers of new installations in Germany, which were favored by the fixed feed-in
tariffs, have contributed to the significant cost reductions in PV modules. With the amendment
to the EEG 2014, the legislature has decided to reduce the feed-in tariffs and to prioritize direct
selling. In the future, the feed-in tariffs will be gradually reduced with the addition of installed
capacity, which should allow PV technology to participate in the free market.
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The fixed feed-in tariff represents the greatest obstacle to the development of business models
for selling the generated electricity locally. The business models must offer the plant operator an
economic advantage in comparison to the riskless and uncomplicated feed-in tariff. In particular,
the economical amortization of a battery storage system depends on the level of remuneration
of the alternative grid feed. The taxation of the feed-in tariffs depends on the respective corporate
law usage of the PV plants. Figure 40 depicts grid parity for PV system without (green line) and
with a storage system (yellow line) for Germany under the given economic assumptions.

On self-sufficiency

Self-sufficiency as defined in § 5 number 12 EEG 2014 includes electricity "which a natural or
legal person consumes himself in the immediate vicinity of the electricity-generating installation
if the electricity is not fed through a grid system and this person operates the electricity-
generating installation himself." As a result of the reduction in the fixed feed-in tariff under the
current electricity price, self-sufficiency with the generated electricity has become a basic
condition for the profitability of a PV plant. PV plant operators can consume a certain proportion
of their produced electricity, and they still receive the fixed feed-in tariff for electricity fed into the
public grid. Battery storage systems can significantly increase the share of the self-sufficiency
under certain circumstances. The economic impact of this increase is explained in the technical
analysis and the profitability calculation.

4.5 Case Study: Apartment Buildings and Multi-Family Houses

In spite of a variety of imaginable constellations for BESS implementation, there are certain
scenarios lacking attention in the scientific community, especially since BESSs for single family
houses are currently close to profitability (as of 11/2016) [171, 184—-186]. In Germany, 41.21
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million people live in 18.62 million apartment buildings comprised of 35.78 million apartments,
Figure 41 depicts a multi-family house with four tenants, which represent a new group for
potential BESS installation, and 15.47 million single family homes host 28.98 million Germans.
The PV and BESS potential in urban regions where most apartment buildings are situated
should be analyzed. There are several reasons to install BESSs in urban areas, including the
upcoming transition to electromobility, digitalization and smart home technology, and unused
roof space and flat roofs in city and urban areas for PV installation. The following discussion will
address how LIB BESSs can be operated in apartments in Germany and show simulation results
for these BESS.

First, in apartment buildings, i.e., multi-family houses, BESSs target paths identical to suburban
BESSs, which serve homeowners by maximizing their SCR of RETs and decreasing the
electricity cost. Relative to a single family home, the load profile of multi-family objects is much
more diverse, and a more complex owner structure prevents fast assumptions of BESS
performance in such environments. Other regulatory requirements or legal restrictions, which
must be applied for multi-family BESSs, hinder the business models for such systems.
Additionally, the available roof area for shared PV systems limits BESS sizing and power.
Implementation of multi-family BESSs is still highly probable because of the necessity of a
widespread energy shift toward greener energy and future consumer behavior regarding
electromobility and smart homes.

Shared PV

" " " ' Grid connection

A QL B

Digital meter
. )
A4
Shared BESS Central
controller unit

Figure 41 — A multi-family house with four tenants, a shared BESS and the according metering setup

Figure 41 depicts one possibility of a multi-family house comprised of a shared BESS, a shared
PV system and the according metering concept. The overall benefit, regardless of investment
costs and subsidies (which range significantly between countries and markets), of a BESS in an

72



Experimental and Case Studies

apartment building can be described similarly to the case for single family houses as the
building’s total electricity costs, Celectricitymml. Celectricitytotal is the yearly consumed energy,

E consume» Multiplied by the building’s electricity price, Cyyp, per kilowatt-hour.

Celectricitytotal = Econsume * CkWh (19)

Thus, for an apartment building with more than one apartment, apt,

n=aptmax
Celectricitytoml = ( E Econsumeapt ) — Esorar — EBESSsolar * Cewn (20)

1

- (Efeedinsolar - Ecurtail + EBESSwrtaH) * Cfeedin

Within the multi-family house, all the apartments have their own electricity consumption meters
to measure the amount of energy they consume. Initially, the PV power plant feeds the
generated electricity into the house network of the multi-family house and satisfies either the
electricity demand of the tenants or recharges the battery storage system. The surplus electricity
is subordinately fed to the public power grid. A two-direction meter at the house connection point
measures the feed-in and the purchase of electricity during a lack of PV power production and
a discharged BESS. This two-direction or digital meter can measure both the purchase from the
public grid and the excess feed-in, and it is required in the measurement concept for
communication with the DSO as well as for the correct accounting of the energy quantities in
the building with the utility. Any electricity delivery within a multi-family house represents a supply
of electricity within a house network that is not expressly carried out via the public power grid.
The supply without usage of the public power grid has an impact on the legal and fiscal treatment
of the electricity delivery. Therefore, this supply constitutes an essential component for the
explanation and assessment of the business models. An additional delivery of the main
electricity by an energy supplier to meet the demand during heavy load periods or missing PV
power production in the multi-family house is excluded from exemptions of individual electricity
price components. These concepts for selling electricity in multi-family houses can be
transferred to significantly larger properties. The key criteria for consideration is the difference
in the persons between the plant operators and final consumers. In the past, the building owner
or a strategic investor traditionally undertook an investment in a PV power plant on a multi-family
house. Because of the high guaranteed feed-in tariffs, PV systems were conceptualized and
geared toward maximum profit. An analysis of the actual load profile of the multi-family house
was not conducted. With the reduction of the rate of subsidy and lower PV module prices, a
differentiated picture now results. To operate a PV power plant economically, the current feed-
in tariffs are no longer sufficient. Business models described here aim to achieve the highest
possible rate of direct consumption for the produced PV electricity. The direct consumption rate
of a PV system is introduced as follows. The direct consumption rate does not differ, technically,
from the SSR of a single-family house.

ESC

DCR = SCR =

21
PV

The difference between the SCR and the direct consumption rate (DCR) is in the legal definition
of self-sufficiency and direct consumption and results in a different burden of taxes, duties and
levies. The introduction of this new concept is necessary to ensure a clear distinction between
taxes, duties and levies in the further course of the thesis. In these business models, battery
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storage systems are primarily used to increase the amount of energy that is directly consumed.
In most cases, this approach leads to a substantial increase in the DCR. The share of self-
consumed electricity from the PV system in the total energy consumption is defined by the
degree of self-sufficiency and determines the composition of the electricity price for the end
consumer and the profitability of the price quotation. This description serves as a general
description of the scoped benefits and fundamental understanding of BESS operation in a multi-
family house or apartment building. In an apartment building, a broader variety for handling PV
surplus energy exists in addition to the aforementioned cost calculations. The following
discussion provides a brief outline of the legal framework and general possibilities for operating
an LIB BESS in an apartment building. According to the EEG 2014 [187], an operator of a PV
plant has the choice of three options for selling his generated electricity. The intermediate
storage of PV electricity has no legal effect on the selling possibilities since the type of production
plant is decisive for the selling option. Apart from that, the PV plant operator also has the option
of not feeding the electricity into the grid of the public energy suppliers and consuming the
electricity. This so-called self-sufficiency is defined in the law as the consumption of the electricity
"in the immediate vicinity of the electricity-generating installation" by the plant operator. In
addition to the self-sufficiency, the plant operator can choose from the supported direct selling
as per § 20 EEG para. 1 sentence 1, other direct selling as per § 20 EEG para. 1 sentence 2,
or a feed-in tariff as per § 20 EEG para. 1 sentence 3.

To draw further conclusions from the given setup several simulations were carried out. For
simulation purposes, contrary to single-family homes, load profiles of multi-family houses are
not available as standardized profiles. To achieve a realistic simulation environment, a set of 74
[188] single-family home load profiles are combined randomly for the generation of a multi-family
house load profile. The resulting profiles were compared towards HO standard load profiles and
their similarity calculated.
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Figure 42 — Comparison of standard load profiles HO (orange) for 1.000.000 kWh per year and calculated multi-

family house load-profiles (blue) from field data for a winter week in 2016.
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Figure 42 shows a standard load profile HO (orange) and the synthesized load profiles for a
multi-family house (blue). While general differences can be observed, the resulting data shows
a sufficient quality for further simulations, with higher resolution than the HO profiles.
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Figure 43 — Resulting degrees of certainty for a number of household profiles, combined to a single multi-
family house profile set and resulting similarity coefficient, compared to a standardized load profile HO.

Figure 43 shows the resulting coefficients of determination for an increasing number of
households which profiles were added onto each other to generate a multi-family environment.
Each boxplot thereby represents a set of 100 different combinations of the given 74 single
household profiles which were randomly chosen for the generation of a multi-family profile. The
data indicates, that the generation of a multi-family house load profile achieves a mean
coefficient of determination of about 0.33 for a combination of four single-family household
profiles over one hundred simulation runs. Hence, to increase reliability of results for final
simulations, a load profile consisting of 30 households, averaging at a coefficient of
determination of about 0.55, was used.

The simulations were carried out similar to a single-family BESS with the simple greedy
algorithm; see Subchapter 3.5. Figure 44 shows the resulting DCR for a varying number of
household ranging between 1 and 70; the PV-systems peak power ranges from 5 to 200 kWp;
and the storage size between 0 and 200 kWh of capacity. The results indicate that the technical
and economic evaluation of a multi-family house shows similar results to these of single-family
houses. Given the similarities and load profiles for the calculation, see Figure 42, these results
confirm aforementioned analyses. In general, it can be observed that a fixed number of
households will show higher DCR for smaller PV systems and larger BESS sizes. Accordingly,
a fixed PV-size shows higher DCR for more households and larger BESS sizes. Accordingly, a
fixed BESS size shows higher DCR for more households and smaller PV systems. Generally
speaking a multi-family house shows no significant differences compared to a single-family
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house for PV coupled BESS operation to increase SCR/DCR. The main hurdles to overcome
yet are to be seen in the regulatory framework.
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Figure 44 — DCR for a range of households in a multi-family house coupled with a shared PV-system and a
shared BESS. Number of household range between 1 and 70; the PV-systems peak power ranges from 5 to
200 kWp; and the storage size between 0 and 200 kWh of capacity.

On supported direct selling and other direct selling

With the renewal of the EEG, the legislature tightened the responsibilities of the operators of
electricity generation plants and made direct selling the standard selling option in the EEG.
According to the legislator, the direct selling of electricity from renewable energies and electricity
from PV plants comprises the sale to third parties when the electricity is passed through a grid
of public utilities and is not consumed by third parties in direct proximity to the installation § 5
number 9 EEG 2014. Both the supported and other direct selling is the sale of electricity to a
bulk purchaser or directly at the European Energy Exchange (EEX) in Leipzig. To promote the
direct selling of electricity from renewable energies, the legislator guarantees a remuneration at
least at the level of the feed-in tariff due to the market premium model. The market premium
compensates for the difference between the electricity price at the EEX and the fixed feed-in
tariff. In addition, the plant operator can generate further profit by selling the electricity at peak
load times at the EEX. Figure 2 shows the difference between the fixed feed-in tariff and direct
selling according to the market premium model. The EEG 2014 introduced a gradual obligation
to direct selling. For new installations with a total power of more than 500 kW from January 1,
2016 and for installations over 100 kW, direct selling is required. In addition to the supported
direct selling in the market premium model, the other direct selling option is still an available
alternative. The other direct selling option is the direct sale of electricity at the EEX without any
subsidies or promotion of the EEG. This selling option is still not profitable and therefore not
prevalent for PV plants.
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4.6 Case Study: Primary Control Reserve

The following material will show in detail the ways in which BESSs can participate and deliver
PCP. The results presented here have also been summarized in the , “Fundamentals of using
BESS for providing Primary Control Reserve” [137].

Regarding BESS’s capability of providing PCP during a long timeframe, the available energy
content must be sufficient to deliver the demanded power. Therefore, the ENTSO-E released
(similar to demand up or down codes in the U.S. by selected states) regulations for BESS. These
regulations state that BESSs acting as a power system provider have to hold at least enough
energy to provide the full tendered power for over 30 minutes tp¢p,, without recharging from the

grid or other sources. The same regulation previously required 15 minutes tp¢p .. Based on

these regulations, formulas (1) and (2) deliver the minimum and maximum SOCs for a
prequalified power, Ppq.

Epate — trcp - qu

S0Chax = E, (22)
att
tpcp* B

SOCmin = qu (23)
att

Figure 45 depicts the ratio between capacity and prequalified power for the SOC of BESSs when
operating in PCP APM.
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Figure 45 — Required SOC range for a BESS as determined by the 30 or 15-minute criterion for a worst-case
PCP requirement; a C-Rate of 1 C.

The 15-minute criterion allows larger SOC ranges for BESSs at low capacity-to-power ratios,
e.g., a ratio of 1:1, which reflects a C-Rate of 1 C, within the 15 minute criterion corresponds to
an allowed SOC range between 75 and 25%, and within the 30 minute criterion the SOC must
be strictly 50%, which prohibits BESS operation within this ratio under the 30 minute criterion.
Thus, BESSs have to operate within the given boundaries when providing PCP to comply with
the regulators’ guidelines. There are, however, exceptions to this necessity in case the grid
frequency shows abnormal progressions [189]. Exceptions from the normal operation of BESSs
in the allowed SOC ranges apply whenever there is a frequency deviation of &;.as follows:
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* 5t > £50 mHz for more than 15 minutes applies
* 5> +£100 mHz for more than 5 minutes applies
* 5> +£200 mHz applies

If any one of the above criterions is fulfilled, the operators of BESSs providing PCP are given a
two-hour time frame to restore a permitted SOC according to Figure 45. This is specifically for
the analysis of historic frequencies necessary to achieve maximum utilization of BESSs
providing PCP.

In order to keep the battery SoC within the permitted range, several degrees of freedom
(DoFs), as defined in, are granted by the German TSOs. The DoFs presume that the
operators of PCP plants deviate slightly from the supply characteristic given in Figure
21; they are described in more detail below. The control power demand as indicated by
the P-f characteristic can be increased up to 20% at any time in order to modify the SoC.
The control power demand as indicated by the P-f characteristic can also be provided
within the tolerated deviation range of £10 mHz if the SoC needs to be adjusted. The
control power demand as indicated by the P-f characteristic must be provided within 30
seconds or less. As appropriate for the current SoC, this minimum gradient can be used
in order to slow down the charging or discharging process of the battery. The most
important way to reach the desired state of charge is by trading energy on the electricity
market. By selling or buying energy on the European Energy Exchange (EPEX), the SoC
can be decreased or increased as required. This can be performed simultaneously with
providing the PCP power. [190]

As an application of the mentioned degrees of freedom, following the power-frequency
characteristic, BESSs are fully able to provide PCP under the mentioned conditions.

4.7 Case Study: Island Operation

Subchapter 4.7 gives a brief overview of a case study, “Sustainable power supply options for
large islands — a case study for Belitung Island” [191] co-authored by the author, that examines
the island of Belitung, Indonesia to gain a better understanding of BESS operation in island
grids. The operation of a BESS on an island can be evaluated from two different perspectives.
First, from an environmental perspective, i.e., decreasing carbon emissions on islands by
reducing fossil fuel demand, and second, from a technological perspective, i.e., developing
future reliable grids with the assistance of storage technology. The power demand of islands,
specifically in highly populated areas such as Southeast Asia, is expected to increase rapidly
over the next several decades. In many areas where such an increase is projected, e.g., the
island of Belitung, Indonesia, large fossil power plants are planned to accommodate the
upcoming demand. It is therefore appropriate analyze the impact of BESSs on the reduction of
carbon emissions in such an environment, and a simulation model was developed to identify
possible cost-effective integrations of BESSs on large islands. A mixed binary integer linear
programming model fits power generation technologies and storage technologies with hourly
resolution to serve the electricity demand at demand points. Electricity may be transported from
one demand point to another via transmission lines. At each demand point, any demand must
be covered hourly by either generation, storage or import from surrounding demand points.
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Distribution losses are addressed using a loss factor for transmission lines. In addition, the
distinction between controllable and non-controllable generation technologies is outlined. Thus,
the hourly output of coal, diesel, biomass, and geothermal power units has to be within zero and
the respective generation capacity. In contrast, PV or wind are input values from solar irradiation
or wind power profiles over a simulation year. Demand points are defined according to the
island’s administrative areas, depicted in Figure 46, which refer to village-sized communities.
The annual power demand in each demand point is matched with its population and average
household size. Power demand development scenarios are taken from the Indonesian
governments reports [192] with an annual increase of 13% [193].

The demand point setup for residential areas, i.e., monthly electricity consumption data on
Belitung, was derived from survey data [194], which totaled up to 1,284 GWh annual energy
consumption in 2030. Data for the technology setup were taken from [195] and [196] and include
data for diesel generator units, coal power plants, solar PV, biomass, geothermal and wind. Data
for BESSs were based on the knowledge and data from this thesis. To fit the model, four BESS
(only LIB systems) categories were considered: category 1: home/residential BESSs; category
2 and 3: community and multifamily house BESSs; category 4: large-scale BESSs in the MV
grid. The main assessment was based on a non-carbon reducing simulation of the model.

® Demand Point A Potential Coal Power Plant — Existing Grid
A Geothermal Potential A Large Diesel Generator - Potential Grid Extension
A Biomass Potential Grid Support Point ¢ Possible Location for Large-

Scale Battery

Figure 46 — Belitung Island with all considered model demand points, generation points and transmission
lines [191].
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No carbon emission restrictions for Belitung Island were set; this scenario was used as a carbon
reduction reference. The prices for generation, transmission and demand were set for 2016 and
a future pricing scenario, BESS pricing, was set according to Table 20. The costs were
determined by a comprehensive study of available BESS in the market worldwide as of 03/2016.
Therefore, market price data of n = 293 commercially available BESS were listed of which the
15" quantile data, representing the most cost-effective market leaders, were used for this
research. In order to extrapolate the future cost of stationary BESS, a yearly decline of 8% for
battery cell cost, a 5% decline for power electronics and a 2% decline for auxiliaries, based on
[44] were utilized. Table 20 shows the extrapolated cost structure for different types of BESS in
2026 based on the aforementioned estimations.

Table 20 — Investment cost analysis for today and in the future for BESS categories 1 to 4 (n = 293). [191]

Investment Total Price Investment Round- Minimum
No. Costs 2016 Reduction [%] Costs 2026 Trip Capacity n
[USD/kWh] from 2016 [USD/kWh]  Efficiency [kwh]
1 1073 54% 579 0.9 - 212
2 998 52% 553 0.9 15 59
3 912 48% 517 0.9 350 16
4 612 34% 366 0.95 1000 6

The aim of the simulations was to establish, under all the constraints, a version of Belitung with
the highest economic value, i.e., the cheapest possibility for energy coverage. The model
therefore can built generation units, reinforce transmission lines, and develop storage units.

Figure 47 shows the simulation results for current and future storage costs of BESSs as well as
carbon reduction scenarios for 0%, 25%, 50% and 75% from the reference scenario. Without
any carbon emission restrictions, the electricity demand is mainly supplied by fossil fuels, i.e.,
coal-fired plants. Remarkably, this outcome reflects Indonesia’s current policy to accommodate
future electricity demand on Belitung.
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Figure 47 — Resulting power generation mix for the analyzed scenarios for Belitung Island. Abbreviations:
empty fruit bunches (EFB); fiber and shell (FUS); palm oil mill effluent (POME).

Furthermore, any biomass potential is already used in the non-reduction scenario; therefore, it
is used throughout all the simulation scenarios. A reduction in carbon emissions leads to a
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significant decrease in fossil fuel energy generation, which is mainly covered by low LCOE PV
energy, and wind energy is only used in higher carbon emission reduction scenarios because of
its higher LCOE and CAPEX costs. To accommodate the electricity demand in higher reduction
scenarios, e.g., 50% or 75%, fluctuating energy must be stored in BESSs and shifted from
daytime to nighttime, i.e., from high solar irradiation times to low solar irradiation times and from
high wind power times to low wind power times. Figure 48 depicts the usage of BESSs to shift
the power accordingly, but only with future BESS costs are significant amounts built. This reflects
the overall PV installation, depicted in Figure 47, which stagnates in scenarios of 25%, 50% and
75% at current storage costs. Lower future storage costs lead to a higher adoption of BESS in
general, which will lead to a higher share of PV because of a) lower CAPEX costs in exchange
for higher LCOE wind energy and b) the general suitability of storing PV energy due to day/night
cycles.

For all of the simulations, the CO, abatement costs were calculated, as shown in Figure 48, by
dividing all of the additional total annual costs compared to the respective reference scenarios
by the reduced CO; emissions. The results show that the abatement cost is directly linked to
BESS pricing because of the relatively high LCOE for wind electricity generation and the
preferred installation of PV + BESS combinations. However, the CO, abatement costs are in
general lower than comparable studies suggest; Malaysia and Singapore’s estimated CO-
abatement costs range between 45.2 and 84.4 USD per ton of CO, [197].
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Figure 48 — BESS capacity (left) and COzabatement costs (right) in all carbon emission reduction scenarios.
[191]

The case of Belitung Island shows that BESS installation in island grids represents an alternative
to other technologies. Areas of relatively high solar irradiation, such as the Southeast Asian
region, benefit from PV + BESS combinations, as much more energy can be stored during the
day. In addition, the typical load profile in the described areas differs widely from the European
profiles. Where European load profiles show typically a morning and afternoon/evening peak
due to vast electrification and personal electronics, ASEAN load profiles are rather flat during
both day and night due to a) the lack of personal electronics in households and b) AC units which
typically run without interruption or load peaks. Thus, BESSs can be implemented with different
sizing under optimized operational strategies for lower LCOE of PV and better provisioning of
solar energy throughout the year. However, only a low price scenario for BESSs allows this
technology to be implemented in governmental policies in the aforementioned geopolitical
areas.
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4.8 Conclusion

Within the scope of this chapter, two excursuses and five case studies were analyzed and
provided information to yield a broad understanding of LIB BESSs in different markets and
varying APMs. Chapter 4.1 provides an overview of the economic value of APMs for BESSs
when such systems are implemented in different grid levels (LV/MV/HV). BESS technology, first
and foremost the LIB technology, is highly adaptable for any grid level, however, the overall
potential for the greatest positive influence on the grid and a systems’ economic value is better
in certain grid levels than others. Because of a nearly unbounded ratio choice between power
and energy, BESSs are suitable for a flexible design to serve any APM in any grid level. (See
Subchapter 2.1 for more information on BESS design and system architecture.) A comparison
between BESSs installed in different grid levels reveals that many of these systems can operate,
in theory, within positive economic values. However, until now, there has not been a wide range
analysis of MP-BESS to increase the economic value or positive effects on grids by
systematically stacking APMs and increasing the utilization of BESS, which would result in a
lower CAPEX.

In general, the integration of BESSs in LV grids allows the operators of such systems to provide
nearly any APM that has been identified, see Subchapter 2.3. ABESS in an LV grid can provide
frequency regulation services for grid stability, increase the SCR for a community, thus saving
electricity expenses, and provide local UPS functionality, among other favorable results. The
results show that LV grids are of interest because LV BESSs can serve any APM that an MV or
HV BESS serves, whereas an MV BESS cannot serve certain LV APMs. Substituting a large
central MV BESS, e.g., a 5 MWh and 5 MW central BESS, with smaller entities, e.g., 10x 500
kWh and 500 kW decentral BESSs in an LV grid level, allows operators of these to offer APMs
in the LV grid in addition to the MV grid level and extend to MV and HV grid APMs. Drawbacks
are higher installation, maintenance costs and higher coordination effort between a fleet of
decentral BESS.

The results from analyzing BESS behavior when operating as residential home storage assume
that BESSs for single family homes will become economically viable over a broader range
without subsidies in the near future. However, this expectation seems to depend largely on
electricity prices and regulations; thus, it should not be used for economic market predictions in
the future.

BESSs operating in multi-family homes were analyzed and examined from a legal point of view.
BESSs in a multi-family home environment can only be operated in a meaningful way by
establishing a consistent smart-metering concept. Thereby, such concepts need to ensure that
any legal circumstances given by laws and regulations, e.g., tenant freedom to choose their
electricity provider, remain valid. However, apart from legal concerns for such concepts, BESSs
in multi-family environments lack economic value mostly because of the low ratio of PV system
size and load. In general, either subsidies or decreasing prices for BESSs will lead to the broader
adaptation of BESSs in such environments.

Regarding operating a BESS for ancillary services, i.e., PCP in the outlined case study, the 30
minute and 15-minute requirements for prequalification have been investigated in detail.
Generally, if the boundaries that have been set by the German TSOs for PCP hold true, BESSs
can provide PCP with high quality. BESS operation with APM PCP yields positive income and,
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for Germany, several large systems have been and will be built. However, market limitations in
size and flexibility may lead to a decrease in revenue and ultimately to a recession in this market
when BESSs have fully supplanted other technologies in the future.

The appearance of increasing CO; reduction in potential energy production on islands leads to
higher costs for systems powered with BESS assistance. This effect, as of the current prices, is
fundamentally based on the pricing of such systems. However, it is unclear whether BESSs yield
the most economic and technically feasible results for reducing CO; emissions in scattered
island areas worldwide because of the economic differences between continents, regions and
countries. It can be seen, however, that a RES — BESS combination will yield positive revenue
streams after a few years of operation. Especially high fossil fuel costs could lead to investments
into RES — BESS instead of diesel generators; the main challenge remains the large
investments which is needed upfront for the implementation of a large RES fleet coupled with
BESS.
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5 Multipurpose BESSs: Technical Aspects and Simulation
Model

In the beginning of this thesis, the basic concept for MP-BESSs based on LIB technology was
introduced. The potential of the MP-BESS concept is expected to show strong increases in the
current economic value of LIB BESSs since the implementation of such a system is technically
possible but lacks a suitable legal framework in Germany, Europe and most parts of the
industrialized world. Additionally, the multiple use of a BESS was explained, as was the influence
of stacking multiple APM on a single BESS on BESS characteristics, i.e., aging phenomena. A
general description and experimental description of MP-BESSs are given in the following
chapter.

In Subchapter 5.1, in addition to the logical and technical concept, the operation and simulation
of an MP-BESS will be shown in more detail. Subchapter 5.2 explains in detail the possibilities
of BESSs seen as MPT. Based on these factors, an operational model and the optimization
potential and economics of experiments with an MP-BESS are presented and tested by showing
the influence of APM stacking on BESS aging in Subchapter 5.4. In Subchapter 5.2, the
simulation method and model for an MP-BESS are given; in addition, the potential for
optimization of BESS internal technical parameters to further enhance the performance of such
systems is evaluated in Subchapter 5.5. Subchapter 5.6 will outline conclusions on the economic
value of such a system under the auspices of German law and regulations. Finally, Subchapter
5.7 will conclude the matter and provide prospects for future evolution of BESSs as MPT.

Core Issues:
Missing Economic Value and Legal Framework

Ba:‘:,ics ‘

hapter 2.1 /2.2 L
Chapter 2.1/ Applications
Legal Framework Chapter 3
Chapter 2.3
= v
Experimental and Case Studies
Chapter 4
Multi-Purpose BESS Business Models
Chapter 5 Chapter 6

Figure 49 — Work progress in Chapter 5.
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5.1 Basic Concepts for the MPT BESS

The following discussion will describe a possible technical solution for MP-BESSs, defining the
BESS as an MPT carrier. First mentioned by [198] (see Subchapter 1.2), BESSs as an MPT
carrier were explained concisely by reviewing the technical setup of such systems, briefly
comparing them to other multi-use technologies and reviewing the benefits of BESSs as an

MPT.

Transferring the idea, referring to Subchapter 1.2, of an MPT to SES/BESS offers multiple ways
to generate additional revenue streams by combining several applications into one functional
system. MPT has been defined as “a[...] technology [...] that has several distinct, economically
relevant applications primarily focused on one or a few sectors, yet lacks the technological
complementarities of general-purpose technologies.” [198] The following will briefly introduce
the three different approaches for MPT-BESSs and define each approach depicted in Figure 50,
which has illustrations of the following explanations and differentiates three exemplary MPT
BESS system architectures out of several MPT BESS topologies.
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Figure 50 — Technical schematic of different BESSs. From left to right: i) Multi-Storage BESS (MS-BESS);
ii) Multi-Use BESS (MU-BESS); and iii) Multi-Purpose BESS (MP-BESS).

The first example, multi-storage BESSs or swarm BESS (MS-BESSs), are MPT-BESSs that
may consist of a series of grid connected single BESSs, of for example smaller BESSs (<
15 kWh). Each singular system can be used for a local APM; however, they may share their
non-utilized capacity for APMs, i.e., they are directed by central management. This capacity may
include both power and energy capacity and even include utilized capacity; i.e. a fleet of BESS
share energy capacity for providing SCR services in a community grid. This technology is known
as virtual BESS or BESS swarms [199, 200]. MS-BESSs, in general, fulfii several APMs
simultaneously by directing single BESS via an intelligent controller that acts as the man-in-the-
middle communicator. Additionally, the given functionality of MS-BESSs can be divided into a
single APM for different single systems or distributed over a combination of APMs among several
regimes of BESSs; however, a single BESS may only operate a single APM at a time. If 6 is a
single APM for a single BESS then for each timestamp t the total power of the BESS swarm,
Pys_gEess, 1S given as follows:

APMn

Pys-pess(t,n) = z Py(t) (24)
0=APM,
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for n amount of APMs run on all MS-BESS. Thus, the swarm power always equals the sum of
the individual power of the swarm participants; though each BESS may operate a different APM.
Additionally, MS-BESSs can be part of an MS-BESS, i.e., a residential BESS provides the
control reserve in a swarm while simultaneously following self-consumption optimization
strategies, such as the Siemens subsidiary Caterva with 65 residential BESSs [201]. In an MS-
BESS architecture, each system has a single cooling and auxiliary system component (Aux),
which requires more parts than other system topologies with respect to the energy capacity.

The second example, multi-use BESSs (MU-BESSSs), are single BESSs that serve multiple
APMs with one specific power electronic unit at a time while dc-connected to a single battery
capacity, which means that the system can output only one current at a time. The BESSs provide
only one system-wide C-Rate for all of the APMs that are stacked onto it, e.g., an APM, with a
C-Rate of 0.3 and an APM, with a C-Rate demand of 0.2 add up to a total C-Rate of 0.5 for the
given single capacity. A separation of the capacity and proof of work are performed virtually due
to the lack of single PE unites and distinct measurement points. MU-BESSs have a higher
flexibility concerning the capacity assigned to specific APMs. MU-BESSs have only a single
cooling and auxiliary system components (Aux), which requires fewer parts than other system
topologies. Aux are typically additional system party, e.g. communication units, fault current
sensors, monitoring units.

The third example, multi-purpose BESSs (MP-BESSs), are BESS which operates various PE
units in different sizes, each with a single assigned battery capacity, i.e., a BR. The capacity
allocated to a specific APM can be shifted incrementally based on the amount and size of the
allocatable BR. An MP-BESS can serve multiple APMs simultaneously, which is comparable to
MU-BESSs and MS-BESSs but can also provide physical evidence for proof of work because
of the independent PEs per capacity, the same holds true for MS-BESS. MP-BESS offer several
degrees of freedom, e.g., controlling the battery capacity, including charge and discharge
currents (C-Rate), SOC and DOC manipulation per BR because independent PE is provided.
Mathematically, MP-BESSs do not differ from MS-BESSs; however, MP-BESSs, which are
mostly larger systems, i.e., a community BESS, combine the benefits of a single BESS unit
outside and a decentralized swarm BESS inside. These include foremost the distinct proof of
work measurement MS-BESS offers and the reduction of Aux system parts due to reduced
complexity by using a single housing for several BESS a central larger BESS offers. Figure 50
depicts a basic technical schematic of the three different BESSs described.

In general, an MP-BESS is not able to directly provide more APMs than an MS-BESS or MU-
BESS. However, superior APM fulfillment is possible because of the additional internal degrees
of freedom; i.e. manipulation of c-rates across APMs on BESSs. However, this fact does not
secure a positive economic value for such systems and does not include complete legal and
legislative appraisals. Furthermore, MP-BESSs can operate each BR with a single EMS, which
allows MP-BESSs to run BR separately irrespective of the APM and show a higher redundancy
than MU-BESSs and MS-BESSs towards APM fulfillment; i.e. an MS-BESS single BESS cannot
change an APM upon assignment where MP-BESS BR can switch or share APM assignment.
A dedicated EMS provides the ability to manipulate the internal SOC, DOC, and C-Rate of the
BESS per individual BR and PE. This reasoning leads to the assumption that an MP-BESS can,
especially during times of low utilization, steer per BR DOC, mean SOC and other technical
parameters and states, which leads to lower capacity fade; MS-BESS can utilize these degrees
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of freedom too, however, only are put under strong regulatory boundaries and may not yield the
same positive outcomes MP-BESS are able to achieve.

Thus, MP-BESSs offer a slightly wider range for optimization, internal energy management and
offer new approaches for a legal definition, which has yet to be defined by lawmakers and
regulators. Table 21 provides a brief overview of the major differences between the above-
mentioned system topologies. Partitioning a BESS into separately controllable BRs
characterizes the technical peculiarity of the novel MP-BESS technology. For a better
understanding of BESSs as MPT and a better description of the central issue of this work,
Subchapter 5.2 details a case study that analyzed a BESS operating as MPT.

Table 21 — Basic characteristics of different configurations of BESSs considering legal, technical and
economic factors for non-ideal BESS behavior.

MP-BESS | MS-BESS | MU-BESS

Single APM

Multi APM

Independent PE

APM wise proof of work with independent metering
Residential-based

Community-based

Privately owned

Third-party-owned

Manipulation of

BR C-Rates per APM

BR SOCs per APM

BR DOCs per APM

Different use battery technologies in one system
Readiness for future APMs

Economical

Legal

+
ti~i+io|+i+i+i+

O+ iOi+ |+ i+ i+i+
+

Technical

i+ i+ i+ i+
—~i+ioioio
1

5.2 Simulation Model for MP-BESSs

The following material will describe the simulation environment and mathematical approach for
the simulation and operation of an MP-BESS when stacking the APMs SELF, GRID, and SCP.
This approach follows the operation strategy, legal framework and overall idea of the Energy
Neighbor system as describe in the previous chapter.

As outlined in the Chapter 4.2 Excursus: The Simulation Environment — SimSES, all of the
simulations regarding the MP-BESS in this thesis were performed using the SImSES tool as a
whole, instancing the code structure to multiple objects and building an overlay simulation
environment calling functions, objects and methods according to the necessary simulation step
of the MP-BESS simulation. The following discussion will first outline the overall simulation
approach and logical framework for a possible MP-BESS architecture simulation because there
is a significant range of possible configurations for MP-BESSs, i.e., the presented technological
structure is only one possible structure. Second, the simulation timeline and basic concepts will
be explained, followed by the core functions that are necessary for the implementation of a
community battery energy storage system (CES) under the given framework and market
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conditions as described in this thesis. Third, the results will be presented for an exemplary
system. The MP-BESS system described in the following section is characterized by the
technical data provided in Table 22. The chosen system was designed with a maximum power
of 5.5 MW and an energy content of 5.5 MWh to legally participate in the market for SCP in
Germany. The efficiencies and aging data were outlined in previous publications, specifically
[137]. The LFP/C chemistry was chosen due to the mentioned benefits of this technology for
BESS, see Subchapter 2.2.1. The price for the system was set based on the market-leader
product offerings as of 08/2016. The aging scenario was optimistic, based on experimental data
from [202], see Subchapter 2.2.1.

Table 22 — Data used to simulate an MP-BESS operating CES by stacking the APMs GRID, SELF, and SCP.

Name Value Unit
Usable energy capacity 5,500 kWh
Rated power 5,500 kw
Round trip efficiency (battery system only) 92.5 %
Battery chemistry Lithium iron phosphate (LFP) -
Calendar aging until 80% capacity 15 Years
Full cycles until 80% capacity 5,000 Cycles
Price 625 1 960*° EUR/KWh
Energy to power ratio of BR 11 -

The basic concept for MP-BESSs was described in 5.1, and the first results were shown in 5.2.
Here, a brief description of the overall idea of a CES will be given. ACES, in general, is a possible
substitution or addition in a grid area, mostly LV grids, in which a high penetration of RETs exists.
Therefore, a CES combines the operation strategies of BESS in single households, which run
individually, into a single entity. Instead of having several single home BESSs, a single BESS
operating as CES works simultaneously for any connected load at the same grid level. (Refer to
4.1 for more details on the grid-level adaptability of BESS.) In contrast to single home BESSs
and their utilization, it is possible to stack applications on CES to maximize its utilization and
decrease the CAPEX and OPEX per stakeholder or investor. The simulated CES is a theoretical
construct that can and will be freely divided into several sub-entities, as described in 5.1. The
division into batteries, i.e., BRs, is expected to show the benefits for possible market tender,
aging, and overall system cost. The simulated CES combines the APMs SELF, GRID, and SCP
based on the detailed description and derivation in 5.2. The main challenge when operating
such a BESS is to coordinate and conduct the power flow of BESS while maintaining full
functionality per market and regulatory boundaries. To accomplish this goal, the CES is
structured into several EMS layers, of which two are represented in the following simulation. The
firstis the interaction between the CES, and its environment of necessary power flows regarding
the stacked applications, and the second is the interaction between BRs regarding optimal
power and energy flows to minimize aging and optimize efficiencies. The following discussion
will describe in detail all the necessary pre-simulations and boundaries and present a full
simulation step to operate such a system.

18 . i
Low price scenario

19 . . .
High price scenario
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Figure 51 — Simulation pattern of the CES simulation.

Figure 51 depicts the overall function of the SIMSES tool. In a three-step approach, the tool
calculates the necessary load and power flows for the simple operation of the storage system
to increase the communities self-consumption (Simulation w/o MP-BESS BR), the necessary
load and power flows for participation in the secondary control reserve market (Calculation of
SCP BR) and the necessary load and power flows for participation of the SCR BR in the intraday
market (Simulation of SCP & IDM). After the calculation of each APM the storage system (CES)
manages the different needs to serve the markets in an optimal way by calculating the best
possible outcome per BR (Simulation of MP-BESS BR) for the period of one year.

5.2.1 Simulation without MP-BESS BR

The SIMSES MP simulation computes the power flows Py, and Pg,;; utilizing SImSES and
SimSES SRL, between solar generation P, accumulated load of all grid connected consumers
P;,qa, the battery power for community and grid service (CSG) BESS P, the intraday market
participation power P;;,,, and the power required by the SCP market Ps-p based on pre-
simulations. CSG, in this case, is equal to the APM SELF+GRID introduced earlier. The following
describes step-by-step the meaning and calculation of the aforementioned power flows.

Pres(t) = Pioaa(t) — Ppy (t) * npy (25)

Pgria(t) = (PPV(t) = Proaa(t) — Pcsg (t)) * Nipr (26)
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Figure 52 — Block diagram of several households connected to an LV grid with an MP-BESS operation in
CSG APM as CES.

Figure 52 depicts the basic simulation setup of a series of households in an LV grid, which is
comprised of a load and a PV system. Each household is connected to the public grid as well
as the MP-BESS. Situated in the public grid, the MP-BESS can actively unload the local power
transformer (LPT), i.e. by operation APM GRID. Let C,4,.(t) be the available storage capacity
for each simulation step t,..(t) be the predicted time until sundown and” be the maximum feed-
in power Pfeed_inmax' The power for CSG operation P.¢;(t) is then either the quotient of the
spare capacity Cspqr. and the remaining time until sunset t,., but only for cases when the
difference of the residual load Pg.s and the maximum feed-in limit Preea-in,, . is greater than or
equal 0; or, Ps;(t) is the difference of the residual load Pg,.; and the maximum feed-in limit
Preecd—in when the difference of the residual load Pz, and the maximum feed-in limit
f max

Preecd—in is less than 0.

f max

v PRes - Pfeed—inmax =0

Pesg(t) = { tre(t) (27)
PRes

- Pfeed—inmax v PRes - Pfeed—inmax <0

The necessary power for participation in the SCP market is based on the power price bid
Ppower (tw) pPer week in comparison to the SCP tender price p,.(t,) of each week (t,).
Therefore, to calculate the weekly SCP bid and necessary power Ps.p, a logical variable SCP,;
functions as a flag to indicate provision of SCP during the simulation process and is set as a
binary. The flag, weather SCP provision SCP,; is necessary for the upcoming week t,,, is set to
1 if the power price bid py,w.r for the same week ¢, is less than or equal to the week’s SCP

tender price p,.: and 0 if the power price bid exceeds all possible tender offerings for that week.

1 lf ppower(tw) < pact(tw)

SCPy(ty) = i
act (fw) {0 if ppower(tw) > Pact (tw)

(28)

If a tender is won because of favorable bidding, the bids are set as simulation variables upon
start of the simulation, then the maximum SCP power needed, Ps:p(t), will be set to

20 : . o . - . . .
The maximum feed-in power Pfeed_inmax is limited due to restrictions by policies. Here this maximum is set to 60%

of the installed PV peak power.
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0 lf Eoff(tw) v (PSCP(tw) € y(tw)) \ SCPact =0
P if Eoff(tw) A (PSCP(tw) € V(tw)) A SCPe =1

for all energy prices E,(t,,) and power prices Pscp(t,,) wining a bid in the merit order function

Pscp(t) = { (29)

y described as y(t,,, npiqs) for each week. Hence, the necessary power Pg.p for providing SCP
is depended on the maximum energy bid by market participants, here the MP-BESS, and the
resulting maximum power flows.

Eorr(1)  Posr(1)

Y (tw, Npias) = < > With Egrr(1) < Eqfr(2) < Eppp(n) (30)

Eorr () Poyy(n)

In every time step, the inverter efficiency (1;,,,,), battery round-trip efficiency (nz,:+), and capacity
fading effects according to [26, 137] were considered. The time resolution for the simulation (4t)
is set to 1 min. The simulation was run for one year with one-minute time resolution to explicitly
capture all the effects of an MP-BESS. Figure 51 depicts the simulation as a simple flow-chart.
After the initial start of the simulation, all the necessary load and generation profiles for a
simulation of a single BESS with the same technical data as the future CES were used to
calculate APM demands and boundaries. When stacking APMs on a single BESS, an order of
precedence for fulfilling certain APMs is necessary for the system to be able at any given time
to serve all APMs. For instance, when prequalifying a BESS for x MW for the PCP provision, the
underlying energy capacity and power reserve, regardless of the technical configuration, legally
must remain the same over a complete period of service. Hence, if e.g. the APMs PCP and
SELF were stacked, PCP must always remain the prior APM unless the power to energy ratio
of PCP can change. For a CES, this requirement means that a precedence for APMs must be
established, which in the outlined case follows the order of:

1. GRID
2. SELF
3. SCP

The order in this case is set by the necessity to unload the local power transformer with APM
GRID at any given time during operation, followed by storing surplus energy with APM SELF
and only with thereafter free capacity providing APM SCP. The simulation follows the first APM
to stack, and the first APM is unloading of the local power transformer and the grid in the
simulated area. The boundaries are two-directional dependencies. CSG influences the possible
SCP ; however, the set SCP influences the possible CSG because of activation during low tariff
on weekends and daytime. By implying a required dependence, the possible capacity for APM
SCP can be formulated by dividing the total available CES capacity, Cs¢orqge, Subtracted from
the CSG required capacity, C.s;, by the total capacity per available subunit, Cz,.x, @ BR; see
equation (36). This approach is achieved by constantly operating the CES with the feed-in
damping operation strategy for SELF serving BESS. Additionally, the time of low utilization will
be filled by APM SCP to increase the overall utilization of the CES. Therefore, as described
earlier, the CSG simulation runs a single 5.5 MW /5.5 MWh BESS over the full simulation time,
tssim = lyear, and continuously calculates the necessary maximum share, Ccss max(tq), Of the
CES capacity per day t; to fulfil APM GRID + SELF each week and the capacity occurring at 8
AM, Ccs6g 4y, @Nd 8 PM, Ceg,,,» for further calculations. A weekly partition is imperative in the

regarded case because of the SCP tender times in Germany, which last for one full week.
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CesGgay = Cstorage * SOC (tgam) (31)
Cescgpy = Cstorage * SOC (tgpm) (32)
Cesemax(ta) = maX(Ccsc gam.(ta) Cesc s p.m.(td)) (33)

The yearly simulation data are sorted for each week and day, and the weekly maximum is
selected; hence, the weekly performance of this model is depended on perfect forecast data for
the upcoming week. The weekly maxima determine the necessary amount of CES capacity per
week of the MP-BESS over the full simulation time to fulfil APM GRID + SELF every week. In
the case, that all CSG BR are empty by e.g. 8 PM, all BR can be utilized for SCP provision.

Cesamax (bw(D), twg(D) + Cosamar (£(52), by (1)

gCSGMax = : : (34)
Cesomax(tw(D twy (7)) = Cesomax (tw(SZ), twd(7))

CCSGMaX(th) = maX(gCSGMax(tw)) \v tW = 1,2,3 52 \v twd = 1,2 7 (35)

For a further increase in utilization, it is necessary to reflect on the SCP markets. The SCP
market is divided into four tenders, which are HT+, NT+, HT- and NT- (see Subchapter 3.5 for
more details). AMP-BESS, operating as CES, primarily serves the grid and the connected loads
in the grid, i.e. APM GRID and SELF, which is dependent the daily cycle of RET, mainly PV
power. The stacked secondary APM is negative SCP provision in NT, SNT-, i.e. charging of the
MP-BESS SCP assigned BR during the night (8 PM — 8 AM). Thus, it is necessary to know how
much energy each BR can additionally charge during the day (8 AM — 8 PM). Generally speaking
SCP BR should operate as CSG BR during HT, and as SCP BR during NT. Therefore, any SCP
assigned BR has to be empty by both HT/NT switch times, 8 AM and 8 PM. In other words, the
energy of all SCP assigned BRs can charge per day, Escruax(d) and still provide full capacity
at 8 PM when HT/NT switches, and the full prequalified SCP power. The energy all SCP
assigned BRs are able to store during HT of a given day is given boundary that all SCP BR must
be empty by 8 PM. All additional energy, Escpmax. Can be added up to give the minimal
necessary capacity, Ccsg,. .., and provide a MP-BESS primary APMs over a day. Using a
defined capacity for each BR, Cgg, the total number of possible SCP providing BR ngg,., during

low tariff can be calculated as follows:

Cstorage = CcsGmar (tw)
nBRSCP(tw) — [ Storage CR C;jG w } (36)
ac
and the maximum available power, (Pscp mqx), for providing SCP during low tariff is
nscp(tw)
Pscppa, (tw) = Z Pprn (37)
1

Figure 53 shows the distribution of CSG and SCP BR over the simulation time of one year for
the given MP-BESS operating as CES based on the given criteria for distributing APMs CSG
and SCP on BRs.
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Figure 53 — Exemplary distribution of CSG and SCP BR over a one-year simulation for an MP-BESS operating
as CES with five BRs. Blue dot = SCP BR; no dot = CSG BR.

After the pre-simulation for the CSG operation was outlined, the maximum capacity available for
SCP provision within the boundaries of CSG operation optimization during HT periods was used.
The following shows the calculation methods used to estimate the required power flow for a
shared CSG and SCP operation in a single BESS. The tariff, HT or NT, in which a CES operates
in is decisive for mixed operation. The maximum power outputs or inputs are limited to the
maximum outputs and inputs of power electronics. For the HT operation, the output vector of
the required CSG power Pqg;(t) and required SCP power Psp(t), to fulfill the operation
strategies demand must, be calculated for three different cases; see Subchapter 5.2.2. For NT
operation see Subchapter 5.2.3.
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Figure 54 — Visualization of the dependencies between CSG and SCP APM on a CES.

Figure 54 depicts the dependencies between the APM CSG and SCP on a CES MP-BESS.
Whenever there is a lack of utilization due to CSG, SCP as a secondary APM is increased. In
addition to the technical positive outcomes, this behavior leads to an increase in possible tenders
as well, which will ultimately have a positive influence on the economics of an MP-BESS. For a
better understanding at the end of this subchapter Figure 55 shows in detail an MP-BESS
working under the following high and low tariff operation strategies APM CSG and SCP for a 24
hours simulation period.

5.2.2 Case distinction for high tariff operation

A further understanding and explanation of the method operating an MP-BESS require a case
distinction for three specific operation states of the MP-BESS:

1. CSG BR being charged; no IDM trading; if Pcs¢ 1im is exceeded SCP BR should be charged.

PCSGlim (t) = Ol P[DM(t) =0 (38)
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2. CSG BR being discharged; no IDM trading; SCP BR should always be discharged prior to
CSG BR for SCP readiness at the start of LT.
Pescm () <05 Ppy(t) = 0 (39)
3. CSG BR are being either discharged or charged; IDM trading active for SCP management;
SCP BR are disclosed for use in CSG APM
Pipu(t) # 0 (40)

which are outlined in the following. All calculations must be within the SOC limits:

SO0Cpin < SOC < SO0C 04 (41)

5.2.2.1 Case 1 - Charging the MP-BESS without IDM trading
In the case that all the CSG BR will be charged (and only charged), P.s¢ (t) > 0, there is either
no need or no legal opportunity for IDM trading, P;py (t) = 0, the SOCs follows

NeEss * Pescy,, ()
Cesc (t)

under the constraints that the overall storage CSG power Ps;,,.. is not exceeding the maximum
possible power per BR in assigned APM CSG following

nese

|P5t0rcsc;| S Z PBRCSG,n (43)
1

In the case of a difference between CSG power P¢g; and the limited CSG power P, all SCP

BRs will start working as follows, i.e. the APMs GRID or SELF require more power than CSG
BR can provide, SCP BR will start working preventing the system from violating prerequisites
for CSG operation.

0V Pcsgyy,, (8) = Pes
Pesey, (8) = Pesg(t) ¥ Pesgy,,, (6) < Pesg (8)
In the case, that Pcss(t) < Pcsg,,, hence, the required power is within the limits and no
additional power by SCP BR is necessary. In the case, that Pcg;(t) > Pcgg,,,,the overloading
power is distributed amongst SCP BRs by calculating new SOCs of the SCP BRs

Pscp(t) = { (44)

n * P t) * At
!SOCSC BESS SCP( )
CSCP(t) (45)

SO0Cscppe, (t) = ASOCscp(t) + SOCsep (t — 1)

under the constraints of power limitations per SCP BR to Pg.p(t) following equation

nsce

|P5t0rcsc| = Z PBRSCP,i (46)

i=1

Pcp(8) = Pesgyyy, () — Pesg(6) 47)
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The described behavior is depicted in Figure 55 and can be seen at around 15:30 when the grid
power increases to such extents, due to a rapid increase in feed-in power from RESs, the fifth
BR of that MP-BESS, which is operating CSG+SCP, starts charging immediately until the power
requirement is covered at 16:30. At that time the same BR starts discharging due to the distinct
case 2 describe in the following subchapter.

5.2.2.2 Case 2 - Discharging the MP-BESS without IDM trading

For the case that all CSG BR are discharging (and only discharging) P.s¢(t) < 0, there is either
no need or no legal opportunity for IDM trading P;p,(t) = 0 SCP BRs must be discharged
always first in order to guarantee empty SCP BRs when the switch between HT/NT occurs. The
SOCs for SCP BRs follows

NeEss * Pescyy, (£)
Cscp(t)
under the constraints that the overall storage SCP power Pg;,..., is not exceeding the maximum

possible power per BR in assigned APM CSG following

SOCscp(t) = « At + SOCgcp (t— 1) (48)

nsce

|P5t0rscp| = Z PBRSCP,n (49)
1

Hence, SCP BRs provide any required CSG power unless they are empty. However, if a
difference is recognized between the overall SCP power Pg;,,.., and the SCP power limit

Pscp,,,» all CSG BRs will start working to relieve overloading of SCP BRs according to

0V Pscpy,, () = Pstorgep(t)
PCSG (t) - (PStOTSCP (t) - PCSGlim (t)) v PSCPlim (t) < PStOT‘SCP (t) (50)

In the case, that Pscp(t) < Pscp,,, hence, the required power is within the limits and no
additional power by SCP BR is necessary. In the case, that Pscp(t) > Pscp,, the overloading
power is distributed amongst CSG BRs by calculating the new SOCs of the CSG BRs by

Npess * Pesg(t)
Cesg ()

under the constraints of power limitations per CSG BR to P.s;(t) following
equation

n (52)
|PstorCSG| < Z Ppresen ¥ 1 CSGpr
1

Pesg () = Pscpyyy, (£) — Pscp(t) (53)

The describe behavior is depicted in Figure 55 and can be seen at around 16:30 when the grid
power decreases below 0, due to a decrease in feed-in power from RESs, the fifth BR of that
MP-BESS, which is operating CSG+SCP, starts discharging immediately until it is completely
empty at 17:40. At that time, the first BR, operating CSG only, start discharging and covering the
grid load.
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5.2.2.3 Case 3 - Dis-/charging and IDM trading
For the case that CSG BRs are discharged or charged, and SCP BRs simultaneously participate

in the IDM market, the boundary condition is that SCP BRs in that state are unavailable for CSG
operation. CSG BR follow the demanded power until P¢g, . is reached. The SOCs follows (for

charging or discharging) the same calculation as stated in case 1 under similar limitations of the
maximum possible output power for CSG operation based on the number of assigned CSG BR
and their power electronics limitations.

ncse

|P5t0rcsa| = Z PBRCSG,max (54)

i=1

While the power of SCP BR simply follows

Pstorgep(£) = Pscp(t) + Prpy(t) (55)
because any limitations have been calculated previously for the SCP simulation.

These results are valid only for HT tariff times. However, low tariff operation is similar to HT
operation and can be described for the three cases mentioned prior. The describe behavior is
depicted in Figure 55 and can be seen in the period from 00:00 until 08:00 and 20:00 until 00:00
the next day. During the given period the fifth BR provides SCP by charging upon SCP demand
and immediately, as soon as possible, selling the charged energy at the intra-day market.

5.2.3 Case distinction for low tariff operation

First, for Pcge (t) = 0; Pipy(t) = 0; Pgcp(t) = 0, none of the assigned SCP BR can assist
CSG functionality because the SCP demand is imminent at any given time.

Second, for P;g; (t) < 0; P;py(t) = 0; Pgcp(t) = 0, any discharge of SCP BR, to assist CSG
BR, is legally prohibited, and SCP energy must be sold at the IDM market.

Third, for Pgcp(t) #+ 0 or Pipyu(t) + 0, the storage output follows

Pscp(t) = Pscp(t) + Prpu(t) (56)

The simulation has shown that all the necessary profiles and vectors for operating a BESS as
an MP-BESS, specifically a CES BESS, were calculated. From a critical point of view, this

operation strategy could be implemented without relying on BRs, which was calculated in the
simulation and will be shown in the results. The resulting power per APM, i.e., Ps; oy, (1), as the

vector of total SCP power in kW over the simulation time, as well as, Pstorcee (t), can be
distributed, e.g. , equally over all available BRs. An equal distribution of power follows

PStOTCSG

Z‘T PBRCSG

PCSGBR'n (t) = BRShareCSG (n’ t) * PStO‘r'CSG (t)

BRsparecss(t) = vV n CSGpgr

(57)

PStOT‘SCP

Z? PBRSCP

PSCPBR_n(t) = BRsharescp (n,t) * PStorSCp ®)

BRshareSCp (t) vn SCPBR
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Concluding the MP-BESS simulation, the SImSES core is utilized to simulate each BR per the
APM and any preset technical data.”* The SImSES core will update the respective BR object
and handle all technical data for each simulation step. However, the above approach distributes
the overall power equally over all available BRs, which leads to PE operation at low efficiencies
and a lower BESS economic value. Subchapter 5.5 will introduce some optimization
approaches. In addition to power selecting BRs, BRs can switch their respective APM on a
weekly basis to optimize the functionality of the CES.

21 . . . . .
For future work, the CES tool can freely access BRs of different sizes, power electronics, and aging mechanisms,

among other parameters.
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Figure 55 — Depiction of a 5.5 MWh /5.5 MW MP-BESS a 24 hour period with 5 BRs of which four (BR 1 to 4)
are operating APM CSG and one BR (BR 5) APM SCP/IDM (NT) + CSG (HT). (SCP & IDM plot — blue area HT,
red area NT).
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5.3 Multiple Use of BESSs

Subchapter 5.1 introduced the idea and concept for driving an SPT BESS toward MPT-BESS.
BESSs can, from a technical perspective, serve several APMs simultaneously. Additionally,
BESSs can technically serve several APMs independently of the time or under time-shifting of
the APMs per timeframe. Subchapter 4.3 showed that BESSs could operate on different grid
voltage levels and in a variety of conceptual setups with possible economic value for APMs (see
Subchapter 2.3 and Chapter 3). The following subchapter will further analyze additional reasons
for operating BESSs as MPT rather than SPT. The differences in operational strategies for a
single APM and the differences and concepts for an MP-BESS will be explained.

5.3.1 On the multiple uses of BESSs

In general, economic principles indicate that the utilization rate, i.e., capacity utilization or
capacity factor, is the ratio between the output of a machine/firm/person and the maximum work
that can be performed per time unit. In other words, the utilization ratio measures the ratio
between the total possible time of utilization, T;..r, and the standby time of a firm/machine,
TBESss,museq- BaSEd 0N these conclusions, BESS operation in an LV grid with an APM GRID?

(See Subchapter 4.3) shows a utilization rate of r;, = 1.64% [92] which follows:

TbE
SSoperation
hy = ———— (58)

rI‘total

A BESS operating in an APM GRID can limit the real power of an LV transformer. Figure 36
shows transformer stations from the KWH Netz grid; the implementation of an LV BESS would
be suitable to limit the transformer station’s power, which, in many cases, is under overload
because of heavy RET installations in the LV grid.

Connecting a BESS in LV grids close to the RET systems improved both the grid voltage and
transformer load significantly; see Figure 17. Figure 56 shows the daily usage of the BESS
operating in the APM GRID in the top-left graph. Fundamentally, the previously mentioned
economic principles and outlined thoughts (see Subchapter 1.2 and 5.1) lead to the necessity
of increasing the BESS overall utilization ratio. This increase can be achieved by either changing
the APM or adding more APMs to supplement the existing APM GRID. Aside from the APM
GRID, a common APM for BESSs is storing RET surplus energy, which is called APM SELF*.
“PV system operators can temporarily store their surplus energy for using it whenever necessary
[...]” [92] using BESSs in LV grids as residential home storage. This situation holds true for
larger-scale BESSs in LV grids as well, as [203] shows. The single operation of APM SELF
under the given simulation environment leads to a utilization ratio of 25.92% [92]; refer to Figure
56 top-right for a detailed daily analysis. Apart from APM SELF, operating under the constraints
of Equation (6) (p.40), APM SELF can be applied in a grid-friendly way. When operating a BESS
with APM GRID + SELF, a utilization ratio of 30.63% [92] is obtained. (Refer to Figure 56 bottom-
left for a detailed daily analysis.) An assumed increase in the utilization ratio of the storage is
observed, but the operational times in winter naturally lead to a relatively low utilization ratio
because of the lower insolation rates during the daytime.

2 See Table 7 (p. 27) for abbreviation and APM explanation.
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At this point, the two APMs, SELF and GRID, were combined to achieve a higher utilization ratio.
The economic value of the BESS could be simultaneously increased by the value a DSO is
willing to pay for transformer unloading. ABESS operating simultaneously under APM SELF and
GRID mostly operates during the daytime. A BESS will start charging at sunrise as soon as the
PV power exceeds the grid load and it always limits the maximum transformer load by operating
under a grid-friendly operation strategy (see Subchapter 3.7). In the early evening hours, mostly
before midnight, the stored energy will be completely discharged, and there is no use for the
BESS during the night. Figure 56 shows the BESS behavior under the previously explained
APM scenarios. There are several options for using BESSs during the night that can be
investigated, including the provision of negative SCP during low tariff in the case of German
regulation.
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Figure 56 — Daily utilization ratio for a BESS reducing the grid load (top left), storing PV surplus energy (top
right), operating in a grid-friendly manner by storing PV surplus energy (bottom left) and providing SCP while
storing PV surplus energy (bottom right). [117]

By adding APM negative SCP during low tariff, the utilization ratio for the same BESS increases
to 61.86% [92], which is depicted in the bottom right of Figure 56. Specifics on how to operate
such a system and the simulation method are given in Subchapter 5.2. In summary, BESSs are
suitable to operate as MPT in LV grids and other grid levels because there are combinations of
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APMs that do not exceed BESS physical boundaries. In spite of the variety of imaginable
methods for the operation of an MP-BESS, there are certain criteria that must be fulfilled and
processed to develop a fundamental method for the multi-tasking operation of BESSs. The
following section introduces an operational concept and guidelines for the operation of an MP-
BESS in LV grids under the assumption that the aforementioned three APMs are run
simultaneously (SELF, GRID, and negative SCP during low tariff).

5.3.2 On the operation of a multi-tasking BESS

The concept of storage fragmentation, i.e., splitting up a BESS into several independent BRs to
operate individual PE, was mentioned briefly in Subchapter 2.2. The necessary technical
functionality MP-BESSs required for running multiple APMs will be introduced along with the
simple control algorithm steering the system. The following results have been published in the
co-authored publication, “Operating a Multitasking Stationary Battery Storage System for
Providing Secondary Control Reserve on Low-Voltage Level” [92]. As Subchapter 2.2 explained,
the general concepts for allowing BESSs to work as MPT (see Subchapter 1.2 for MPT and SPT
explanations) and conceptual ideas for operating an MP-BESS in an LV grid are derived in the
following section. The operation of a BESS from single APMs toward stacked APMs as MP-
BESSs will be described for an LV MP-BESS.

The Energy Neighbor (EN), an MP-BESS prototype that was built under the auspices of the
EEBatt project at TUM, consists of eight BRs with a total capacity of Cp,4x,,, = 191.36 kWh and

a total power of B, = 248 kW. The full technical data in Table 2 and further explanations of

the technical components in Subchapter 2.2 are available. The EN operates eight BRs, each
with an independent PE unit Pz, and capacity Cgg_, in the 400 VAC LV grid.
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Figure 57 — Accumulated load profile of the grid area under investigation [92].

The following results were simulated by targeting a small LV grid referring to the EEBatt projects’
EN (see Subchapter 1.2 for further information on the prototype system). “The operated grid
consists of three branches with several short leavings, all connected to a transformer with a
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rated power of 250 kVA” [92]. With 50 households and 18 PV systems, an overall maximum
solar generation power of 261.6 kW is assumed under the constraints of a simultaneity factor of
0.85 [116]. See Figure 59 for the grid’s structure and Figure 57 for the accumulated load profile.
The simultaneity factor describes the variety of the PV system installation, i.e., horizontal and
vertical angle to the sun and daytime differences in the total insolation. For realistic load and
solar production rates and profiles, statistically generated profiles were fit individually to each of
the 50 households, which is depicted in Figure 58 [204].
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Figure 58 — Accumulated generation profile of the grid area [92].

When operating an MP-BESS certain APMs such as SCP require proof of work. As described
before, the provision of control power, e.g., SCP, requires specific evidence in form of dedicated
measurements of metering devices, mostly in the form of a smart meter or bi-directional
measurements in the market. These measurements often cannot be calculated from the overall
BESS behavior or PE performance, but they must rely on measuring devices connected directly
to the BRs serving different APMs. However, this capability can be realized in the near future
when the measurement precision increases and the legal framework allows for inter-storage
power flow measuring to prove work.
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A
,T/@ b Storage

Figure 59 — Sketch of the case-studied grid "Moosham" with installed BESS [39].

When providing SCP, i.e., negative SCP in the LT, a proof-of-work operation can be performed
by measuring the BRs energy that are assigned to this APM. Therefore, in times of operating
SCP, it is prohibited to operate the BR for other APMs. A calculation of the maximum awaited

energy E,, ., during switching times of low tariff to HT, based on weather and load profile
forecasts, leads to the possible number of BR, ngg. ., , for operating SCP in parallel to

GRID+SELF. In the outlined case, ngg.., = 5 can serve negative SCP in low tariff based on the
following equation, where Egg_ represents the capacity of each BR assuming that all BR have

an equal capacity:

EEN - EmaxJ (59)

]lBR l
SCP E
BREN

Separating BRs is necessary to avoid clashes of APMs and to provide physical evidence for
work proofs; otherwise, the MP-BESS could serve multiple tasks virtually without exchanging
power with the grid. For example, an MP-BESS could sell the exact same amount of energy on
IDM and provide SCR by charging the system, which would lead to zero power flow but gaining
in two markets. Operation algorithms for an MP-BESS relieving the grid and transformers from
overload is a control algorithm similar to the greedy operation of an MP-BESS and are
expressed as follows:

Pload (t) > Pth(t) - Pch (t) = Pth (t) - Pload(t) (60)

Pioad(©) > Ppy (1) = Pyep (1) = Pioaa (D) (61)

When the transformer load, Py,.4..s, €xceeds the thermal threshold power of the transformer Py,
the grids’ installed MP-BESS starts to charge with the amount of overcharging power, P, and
relieves the grid. Figure 60, top left, depicts this behavior. In times when the grid load is greater
than the amount of available RET energy in the grid, the MP-BESS will start discharging with,
P, (1). Figure 60, top right, shows the greedy operation OS serving APM SELF. The MP-BESS
is fully charged by 9 AM and further operation, i.e., relieving the grid, is not possible. To combine
the APMs SELF and GRID, shown in [117] and [205], the BESS follows the same logic as
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equation (60); however, the MP-BESS charging power, P, is now calculated as shown in
equation (17).

Applying the newly defined charging behavior, the storage never charges with its full power but
with the calculated necessary power at each time step, t, to reach an SOC of 100% by sunset.
The discharging behavior follows the same logic as before, and this MP-BESS behavior is
depicted in Figure 60, bottom left.
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Figure 60 — Load curves and cumulated storage power of a MP-BESS over 24 hours of an exemplary day
under different APMs; reducing grid load (top left), storing PV surplus energy (top right), grid-friendly
operation storing PV surplus energy (bottom left) and providing SCP while storing PV surplus energy on a
business day (bottom right). [92].

Adding the APM SCP to the previously shown results produces the MP-BESS behavior depicted
in Figure 60, bottom right. This figure shows, in addition to the different MP-BESS and BR
powers, the SOCs for both the SCP reserved BRs and the remaining BRs serving SELF+GRID
APM. The logic for the operation of an MP-BESS for SELF+GRID+SCP as APM is mainly
governed by the market design and rules for providing SCP. Under the assumption of German
regulations, there is an low tariff phase from 8 PM until 8 AM and an HT phase from 8 AM until
8 PM. The different tariff is important because SCP can be sold in either/both positive or negative
configurations for the given timeframes. The analysis concludes that selling negative SCP in LT
is most suitable and should served by an MP-BESS. In other words, the MP-BESS can be
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charged when grid operators trigger negative SCP signals during low tariff with additional power
because the APMs SELF + GRID operate exclusively during the daytime.

This behavior leads to charging the MP-BESS during the night and on weekend days, which
equal the low tariff period. In reference to Figure 60, the BESS starts to relieve the grid according
to APM GRID + SELF and stores RET power during the overload/threshold times of the
transformer station. At 10 AM, the BESS SOC for non-SCP BR reaches 100% (75 kWh), which
results in a conflict of operation for the APM grid. While APM SELF would at this point not require
further charging, the SCP reserved BRs are activated to take over and ensure the continuation
of the MP-BESS main function. In contrast, the discharging behavior aims at discharging SCP
reserved BRs first to provide negative SCP after 8 PM in the low tariff period. In other words,
SCPs must be fully discharged by 8 PM®; if the grid load is not sufficient to discharge all SCP
BR and the surplus energy is sold at the latest possible IDM tender. Therefore, at 1 PM and 4
PM, the SOC of SCP BR declines because SCP BR serves any grid load directly. The remaining
BRs remain at 100% SOC until 7 PM when all the SCP BR have been discharged and start
discharging then by serving grid load. The BESS is now able to provide negative SCP during
the low tariff period.

In summary, the operation of an MP-BESS relies widely on the technical setup of the storage
system itself, regulations according to proof of work for APMs and the logic of stacking APMs.
“Operating a multitasking storage for reducing the grid load, storing PV surplus energy and
providing secondary control reserve on LV level can distinctly increase the utilization ratio of the
system compared to a single-tasking application. Especially the provision of negative SCP [...]
is feasible for the usage of inactive storage capacity. Nevertheless, the maximum amount of
SCP power to be provided strongly depends on the existent grid infrastructure and given targets
for reducing the grid load and has to be individually determined for every grid.” [92] This short
outline serves to provide a basic understanding for stacked APMs on an MP-BESS. A detailed
analysis of MP-BESS behavior, the algorithms providing the features for controlling MP-BESSs
serving three APMs, and the fundamentals of APM stacking were provided in Chapter 4.8.

5.4 Influence of APM Stacking on Aging

Aging of LIB cells is the leading cause of a limited lifetime for BESSs and electric vehicle
batteries. The following results on the influence of APM stacking on the aging of an MP-BESS
were published as “Evaluation of the Aging Behaviour of Stationary LIB Storage Systems for
Different PV-Driven Applications in Low Voltage Grids” [206].

In general, battery degradation causes can be separated into calendar aging and cycle aging
[52, 207-209]. Aging degradations are changes inside the LIB cell, e.g., increased SEI layer
growth, caused by varying stress factors. Calendar aging considers the stress factors of BESS
within a specific SOC and temperature over time. Cycle aging takes the charging and
discharging processes into account [207, 208]. In the literature, numerous studies show the
impact of stress factors, such as the current, ASOC, SOC and temperature to cell capacity, and
impedance parameters, such as the internal resistance [52, 210-212]. In [213], the impact of

3 The results in Figure 60 show that (bottom-right) SCP BR still maintain around 10% SOC after 8PM. This is
caused by a hard programmed discharge of 10% SOC to asses aging effects.
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SOC and temperature on the capacity fade and resistance increase was investigated for NMC
Sanyo UR 18650E cells. The cells stored at lower SOCs exhibited a longer life. In particular, the
cells stored at 100% SOC showed a much faster degradation rate than the other cells.

In addition, Marongiu et al. [214] came to the conclusion that cycling around the nominal voltage
leads to the lowest increase in the inner resistance and decrease in capacity for the LIB cell.
From a calendar aging standpoint, high temperatures and high SOCs should be avoided, and
cycling around the middle voltage is beneficial. Apart from calendar aging, the charging and
discharging current is a stress factor for cycle aging. As reported by several studies, cycling of
batteries at high C-Rates leads to faster degradation of the batteries [215—-217]. The mentioned
SOC level is highly influenced by the APM of a BESS. The APM PCP and SCP result in lower
SOC than SELF if the aging behavior differs. This grid area of KWH Netz GmbH, as given in
Subchapter 4.3, reflects the load and generation profile data. Situated in upper Bavaria,
Germany, a single selected 400 VAC LV grid, referred to as Moosham, provided the necessary
input data for the simulation. With a relatively high share of RETs, mainly PV systems, the grid
consists of three stub cable lines connected to a central transformer.

The grid contains 50 consumers and 18 PV systems with a total peak value of 307 kWp. The
mean value of the installed PV systems is 17.1 kW, with a simultaneity factor of 0.85. The
simultaneity factor considers that not all systems produce their maximum capacity the same
time and may be influenced by cloud-drift and other factors, which resulted in a maximum power
generation of 261.6 kW for the simulation. For the simulation of the different APM on the MP-
BESS, both the accumulated load and generation profile of the grid area were taken. To emulate
the load profile, 40 different statistically generated load profiles were generated, and each was
scaled to the real annual electricity demand of every consumer in the grid [218]. The resulting
annual minute-by-minute profiles were summarized to obtain an accumulated load profile, which
is shown in Figure 57 left. The generation profile was simulated by scaling a representative PV
profile from upper Bavaria to the overall installed PV power in the grid, multiplied by the
simultaneity factor of 0.85, shown in Figure 58 right. The same generation profile, but scaled to
the peak power of the PV systems, was used for all 18 PV systems.

Depending on the load profiles, the electro thermal model calculates the electrical behavior of
the LIB cell, which includes the interdependencies between the voltage difference between the
two cell terminals and the current flow as well as the resulting heat generation inside the cells.
Therefore, at each simulation step, depending on the calculated stress factors, the capacity fade
was simulated, and the BESS capacity was updated accordingly. The impedance and inner
resistance parameters were updated for further aging estimations.

APM GRID, SELF, and SCP were given parameters based on [92, 117, 205, 219], and a pre-
simulation was conducted. The resulting load profiles were evaluated with the aging model, and
the parameters for updating the power flow model were calculated and looped back into the
power flow model. The following discussion will briefly describe the resulting BESS behavior,
estimate the capacity fade and interconnect the capacity fade with the model knowledge and
LIB cell aging phenomena from the literature. Therefore, six different APMs, power profiles, were
simulated according to previously explained APMs in Subchapter 5.2 and Chapter 3.

The APMs are GRID, SELF, SELF+GRID, SELF+GRID+SCP, PCP and SCP. The operation of
the APM GRID limits the transformer power of the Moosham grid to a maximum of 157 kW,
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which corresponds to a 50% limitation of the installed PV peak power to comply with subsidy
schemes in Germany. Transformer limitation is a bidirectional limit, inducing charge or discharge
of the connected BESS, which is established to control the grid operation under the set limits.
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Figure 61 — Storage power flow profiles (orange) and SOCs (blue) for various APMs [206]. Data is given with
the EMA (exponential moving average) and SMA (simple moving average) for better visualization.
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The corresponding storage load profile is shown in Figure 61, top left; a positive value implies
charging of the storage Operation of the BESS for APM SELF under a simple OS, referring to
Subchapter 4.4, induces charging of energy whenever the grid load is smaller than the provided
PV energy. In the case that grid demand and load exceed the available PV energy, BESS
discharging is induced. Figure 61, top right, shows the corresponding load profile [220, 221].
Grid-friendly charging and discharging of the connected BESS APM GRID [117], similar to
Subchapter 3.7, operates under the same control and strategy operations as SELF; however,
charge and discharge currents are limited to a nearly constant value over the course of a day.
The feed-in damping strategy ensures a fully charged BESS by the end of a day if the forecast
is perfect. Figure 61, middle left, depicts the resulting load profile. The results indicate that
because of the constant charging power limitation, the mean SOC is lower in comparison to the
APM SELF; thus, a change in the aging phenomena is expected. The multiple use of BESSs,
an MP-BESS, combines the APMs SELF + GRID and SCP. The provision for negative SCP in
low tariff has been laid out to increase the utilization ratio of MP-BESSs [92]; however, its
implications for BESS aging have not been addressed. Figure 61, middle right, depicts the
corresponding power flow profile for the combined operation. SCP is provided with 125 kW in a
virtual BESS pool, and the demand data were acquired by market research from [129]. The fifth
APMs’ SCP resulting power profile is depicted in Figure 61, bottom left. The provision of PCP,
depicted in the bottom right, was outlined in detailed in Subchapter 3.7.
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Figure 62 — Charge and discharge power in kW of a BESS running SELF, SELF+GRID, and SELF+GRID+SCP
as APM for an exemplary day.

Figure 62 depicts an exemplary day running APM SELF, APM SELF+GRID and APM
SELF+GRID+SCP for better understanding. The power shown represents the charge, if positive
values, and discharge, if negative values, the behavior of the BESS. As explained in Subchapter
3.5 a simple OS for increasing SCR can be used, leading to the immediate charging of the BESS
if PV surplus energy is available in the grid and immediate discharging of the BESS if the load
exceeds the PV energy in the grid. Shown as the red line and further explained in Subchapters
3.3 and 3.5 a grid-friendly OS leads to a smarter charging strategy by cutting off all feed-in peaks
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into the grid by limited the maximum charge power by the estimated charge power, based on
the PV energy, for the rest of the day. Further, the green line indicated the same BESS behavior
which results by APM SELF+GRID, but additionally utilized some portion of the BESS for SCP
participation. The data indicates, that early in the morning at 7:50 am an SCP market signal
leads to a block charge of 115 kW for 15 minutes of the system providing negative SCP reserve
power to the market. Consequently, the BESS SOC results high throughout the day and overall
charging power, following SELF+GRID, decreases.

The following material briefly explains Figure 69 and the resulting aging speed based on the
simulated APM and its resulting load profile and their respective capacity fade and attempts to
explain an increase or decrease in aging. In addition, SOC and C-Rate histograms provide for
better visualization.

The following graphs are normalized to a relative frequency of events according to the sum of
1-minute values for SOC and C-Rate over a one-year simulation. For better understanding, a
color bar indicates, from purple (very low frequency) to yellow (very high frequency).
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Figure 63 — Relative frequency of SOC and C-Rate for one year of simulation running APM GRID.

APM GRID (Figure 69, black curve) shows low activity rates (Figure 63) in terms of very low
charging and discharging actions, low mean SOC values, lower power output and input (Figure
61), and low BESS utilization. Because of the low usage of BESSs, the aging behavior is
primarily based on the BESS calendric aging. Results indicate that the BESS with APM GRID
shows a loss in capacity of 2.9% after 3 years.
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Figure 64 — Relative frequency of SOC and C-Rate for one year of simulation running APM SCP.
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APM SCP (Figure 69, pink curve) shows a similar aging speed to that of GRID, reaching 96%
rel. capacity after 3 years. While activity rates in the APM SCP seem to be higher, the activity
time serving the SCP is limited. The average serving time with 125 kW lies between 15 to 19
minutes. Consequently, by taking the similar storage activity to GRID APM into account, the
aging behavior is slightly increased. Figure 64 depicts that the storage, only providing negative
SCP in LT, maintains very low SOC and C-Rates, though overall storage activity is slightly higher.
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Figure 65 — Relative frequency of SOC and C-Rate for one year of simulation running APM SELF.
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APM SELF (Figure 69, blue curve) shows the highest storage activity over one year, with the
highest DOCs and longest charging and discharging times. As explained earlier, the greedy
operation of a BESS charges any provided solar surplus energy into the storage and provides
power as soon as required by consumers. This approach leads to large DOCs and high SOC
states over many hours. The simulation results show a capacity loss of 21.5% after three years.
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Results indicate that higher SOC states over a year and high DOCs with high C-Rates lead to
faster degradation. Figure 65 underlines this observation indicating low SOC and C-Rates for
the majority of BESS operation.
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Figure 66 — Relative frequency of SOC and C-Rate for one year of simulation running APM SELF+GRID as an
MP-BESS.

APM SELF+GRID (Figure 69, red curve) shows a decrease in the aging speed. After three
years, a capacity loss of 17.8% is observed. While APM SELF represents the fastest aging
speed of all the investigated APMs (Figure 69, red curve), the addition of APM GRID to APM
SELF leads to a decrease in the aging behavior. While storage utilization and usage times do
not interfere strongly, the change charging and discharging behavior lead to moderate SOCs
(Figure 66). In addition to moderate SOC states, a decrease in the C-Rate can explain the
reduced aging speed.
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Figure 67 — Relative frequency of SOC and C-Rate for one year of simulation running APM SELF+GRID+SCP
as an MP-BESS.

APM SELF+GRID+SCP (Figure 69, green curve) shows an additional decrease in the aging
behavior relative to APM SELF and APM SELF+GRID with a capacity loss of 16.4% after three
years. Overall, the storages’ C-Rates and SOCs disposition are likely to be responsible for this
behavior. The storage serves APM SCP up to 125 kW peak power at the same time APM
SELF+GRID is active, which leads to a faster change in SOC,,,.,» over a day and higher C-Rates
for the whole system. These effects accumulate and produce a lower time of 100% and 0%
SOCs because of the SCP charging, which positively affects aging.
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Figure 68 — Relative frequency of SOC and C-Rate for one year of simulation running APM PCP as an MP-
BESS.

APM PCP (Figure 69, orange curve) shows a relative capacity loss of 7.5% after 3 years of
extrapolated simulation data. By offering the PCP and following the P-f-characteristic balancing
grid frequency, a much higher storage activity can be obtained. Nevertheless, C-Rates and the
duration of cycles decrease significantly. In addition, PCP requires the BESS to stay at an
average SOC of 50%. Data indicates that lower SOCs lead and a mean C-Rate of 0.5 to a
decrease in the aging speed, whereas all other stress factors increase the aging behavior.

In summary, the combination of APM onto an MP-BESS shows a change in the aging behavior.
The results indicate that this change is probably based on the differences in the mean SOC over
a year of operation, changes in the average C-Rates and the resulting storage temperature.
While PCP SOC remains at a mean value of SOC,,0qn, = 44.72%, APM SELF mostly represents
one cycle with a DOD of 100% over each day of operation; thus, the SOC variance is larger than
in PCP. In addition, less activity seems to lead to lower aging behavior, which is based on the
shift from cycle aging to calendric aging.
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Figure 69 — Aging behavior of a simulated NMC technology-based BESS with six different APM [206].

In conclusion, APMs significantly influence the aging behavior of BESSs. Specifically, the
combination of APMs can be used to manipulate the aging speed. A system state resting at
100% SOC shows faster degradation under the parameter set for NMC LIB relative to other
SOC states. Thus, MP-BESSs should be operated in the direction of decreasing capacity fade
by combining APMs onto BRs in a way to avoid critical, i.e., aging intensive, states.

5.5 Optimization Approaches for MP-BESSs

The following discussion will briefly introduce two optimization approaches for an MP-BESS.
The general functionality of an MP-BESS was given in Subchapter 5.2, specifically that the
division into BRs gives several benefits to the operator, as outlined in 5.1. The goal of the
optimization of BESSs or MP-BESSs is to increase the overall ROI, i.e., the economic value of
such systems. This can be achieved via a variety of approaches, e.g., increasing efficiencies or
increasing tender bidding. For an MP-BESS with the proposed technical configuration, given in
5.1, optimization algorithms and techniques based on the possibility of dividing MP-BESSs into
BRs are of special interest. Thus, the following material will show two ideas for i) optimizing the
distribution of APM on an MP-BESS operating as CES and ii) optimizing the power distribution
in such systems from the overall required system power flows on each BR. The effectiveness of
such optimizations will be based on the reduction in the capacity loss.

5.5.1 Optimizing application mode and power flow allocation of single BR

BRs operating under different APMs and/or OS for an APM will encounter diverse power profiles
over time because of the weekly SCP market tender biddings. Therefore, BRs operating in a
specific APM is a degree of freedom in MP-BESSs architecture. The random distribution of
APMs and an aging-optimized distribution of APMs onto several BRs was evaluated. The
random distribution of APMs on BRs randomly distributes APMs on BRs via a simple
randomizing function on a weekly basis. Figure 70 depicts the capacity loss occurring over a

113



Multipurpose BESSs: Technical Aspects and Simulation Model

simulation time of one year under the constraints given in Subsection 5.2 for the exemplary case
of low power and energy price bidding in the SCP market. This situation leads to high rates of
participation in the SCP market, and aging phenomena are in a worst-case scenario. By
randomizing APM distribution among available BR in an MP-BESS an equal distribution of aging
behavior should be expected; however, the short simulation time of one year leads to differences
in aging. In addition, even if randomized, a BR which already aged more will still get, even if
randomized, the power demand an APM requires, leading to higher aging.
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Figure 70 — Occurring aging per BR (n = 20) for randomized APM distribution over one year.

A very simple approach to reducing the aging in the MP-BESS is to distribute APMs for each
period based on the correlating maximum capacity fade, i.e., the maximum available capacity
from a BR’s initial capacity. Sorting all available BR capacities, Cgzr(t), at the end of a period
and accordingly distributing SCP on all BRs that show the least capacity fade and CSG on all
BRs that show the most capacity fade will lead to a decrease in the overall aging among all BRs,
see Figure 69. This assumption is drawn by the results shown in subchapter 5.4.

Following

CBR,l
C .
CBR(t) = B:R’Z Wlth CBR,l > > CBR,Tl

CBR,n (62)

_( SCPifn €[1,m]
APMgp (n) = {CSG ifn €m+1,n]

where m € SCPg represents all available SCP BR from the pre-simulation, n — m € CSGgg, and

n € CESgg . BRs with the least capacity face, i.e., the highest available capacity after

consideration of the aging phenomena, are chosen first for SCP because the SCP load profiles

are unknown for future weeks of operation. However, the results indicate that the contradictory
strategy of
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CBR,].
C

CBR(t) = BERIZ Wlth CBR,l < e < CBR,H
Chrn (63)

SCPifn €[1,m]

APMpg (n) = {CSG ifn € m+1,n]

may be beneficial in the case of realistic beddings for SCP market participation due to the fact,
that SCP BR are assigned CSG BR in weeks where no tender can be obtained.
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Figure 71 — Aging per BR (n = 20) for aging optimized APM distribution over one year.

Figure 71 shows the resulting capacity fade for n = 20 BR over a simulation period of one year
by applying the aforementioned logic of equation (62) for APM distribution on the MP-BESS.
The overall aging, as a mean capacity fade over all 20 BR, remains almost the same; however,
the aging distribution is more uniform. This effect can be beneficial for storage operators and
financial stakeholders by giving a better estimate of the total lifetime for such systems ultimately
lowering replacement cost due to a uniform aged system.

In addition to the distribution of APMs, the power, P, can be distributed among all BRs
according to each BR’s individual APM over time. First, a similar case to a randomized APM
distribution is transferred to power an equal distribution of power. Via the ratios between the
required power per APM and BR, Pr,ck cse, and the overall existing BR power for an APM,
Prack csc» the share as an absolute number per time step, t, can be estimated, see equations
(57).

An aging optimized solution for the distribution of power to BRs is achieved by calculating the
necessary energies for CSG- and SCP operation:

Ecsc(8) = Pstorcs(t) * At

Escr(t) = Psporscp(t) * At

and an estimation of the possible charge C.,,- and discharge C;;; capacities per BR for each
time step, t, of the simulation are calculated as follows:

(64)
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Echar(n) =1 - (SOCRack(t) * Epack (t)) V n Racks

(65)
Edis(n) = (SOCRack(t) * ERack(t)) V n Racks

Edis(l)

Ecsepr\scrgr = : with Egis (1) > Egis(n) (66)
Edis (n)
Echar(l)

ECSGBR \SCPBR = : with Echar (1) > Echar(n) (67)
Echar (Tl)

by sorting the CSG BR and SCP BR according to their available charge or discharge capacity.
The total number of BRs necessary for the power requirements and the ratio of BR power to
total storage power are calculated; while |Eqs; ()] > 0 V |Egcr (t)| > 0 is true, for all n =
BRgR, follows

Ecs¢ = Ecsg — Echar(n) for Ecsg =20 (68)
Ecse = |Ecsg | — Eqis(n) for Ecsg <0
(E n
| Ec'har ((t)) v ECSG < 0
BRsphare csg (Tl, t) = EC.S“G (69)
dis (n)
UECSG @®
and for n = BR.g,
Escp = Escp — Ecnar(n) for Egep = 0 70)
Escp = |Escp | — Eqis(n) for Egcp <0
(E n
Ec:har ((t)) v ECSG < 0
BRShareng (n! t) = ES(J;P (71)
dis (n) vV E >0
UESCP ®l €56

For the total power requirements per BR, let n be the total number of CSG BR and n be the total
number of SCP BR:

PCSG,n(t) = BRShareCSG (n' t) * PStOTCSG (t) (72)
PSCR,n(t) = BRSharegcp (n: t) * PStorscp (t)

Figure 72 depicts the decreased spread in capacity fade over a simulation run for one year when
simultaneously optimizing APM distribution for CSG and SCP on CES operating MP-BESSs and
optimizing the power distribution on all available BRs per APM on a weekly basis.
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Figure 72 — Aging occurring per BR (n = 20) for aging optimized APM distribution over one year.

Algorithms can greatly manipulate internal MP-BESS states and influence parameters such as
capacity fade or efficiency of the system. The need for sophisticated EMS is apparent. Apart
from APM distribution, the division into BRs with independent PE is advantageous because of
the additional degrees of freedom. For PE simulations the PE efficiency depends on the power
output and is implemented via

pout p
Mes = f <p prated,PE) kp? +p + po 73)
with the following parameters
k = 0.0345; p, = 0.0072 (74)

analog to [158] based on [222]. Therefore, the operation of an MP-BESS divided into a number
of BRs can provide the benefits of separation into smaller BRs with independent BRs. Figure 73
depicts the possible efficiency benefits from switching BRs and PE. The left figure shows an
MP-BESS with a linear load increase when the system is divided into different sized PE and
BRs, which both differ in peak power (kW) and energy content (kWh). There, with a randomized
selection after each BR is at its full peak power, the next BR is added to the cluster of BRs to
serve the overall MP-BESS power requirement.
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Figure 73 — Efficiency optimization of an MP-BESS for intelligent switching of PE and BRs (right) compared
to simple switching of PE and BR units.

The right figure shows the optimized operation of BRs and their individual PE units. Common
PE units show an efficiency of over 90% at 10% maximum power output, which is used in this
approach. Whenever the maximum peak of a PE unit is reached, the next unit will not be added
after the initial one peaks at its power limit, but it will be activated simultaneously and instantly
with at least 20% of its maximum peak power. The resulting total mean efficiency of the system
can be increased significantly.

5.6 Economics of MP-BESSs

The following material will give a brief introduction to the calculations regarding the economics
of MP-BESSs. However, these vary vastly for different value estimation approaches, legal
frameworks, and other boundaries and serve only as an indicator of a beneficial outcome from
subdividing MP-BESSs into a number of BRs. Therefore, revenue calculations for participation
in the SCP market, IDM, and CSG will be given separately. First, the SCP revenue calculations

were performed by adding the achieved power price revenue and the energy price revenue at
the specific tender bids. If Incp(w) is the total income per week, p,ower (W) is the offered power

price in the tender and Pscpofrerea (W) is the offered SCP power per week, then the total income
from SCP over a year is as follows:

Ince(W) = Ppower W) * Pscp, (W)

52

(75)
Incp rorar = Z Ppower (w) * PSCPOff(W)
w=1
The similar energy income is given by
Incg(w) = PEnergy (w) = ESCPStorage w)
52 (76)

Incg rotar = Z PEnergy (w) * ESCPStorage (w)

w=1

The income from IDM trading is given by
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Inc;py (t) = J.plDM(t) * PIDMOff(t) dt (77)

which sums the overall SCP market revenue for the simulation period. Figure 74 depicts the
absolute revenue for four different scenarios, which serve as examples to better understand the
dynamics of MP-BESS division into BRs. An MP-BESS with 20 BRs achieves a higher revenue
during the same period in the same market relative to an MP-BESS of the same power and
storage energy with 4 BRs. Another dimension is given by showing the differences between OS
“greedy” and “feed-in damping” for such systems, where feed-in damping achieves higher
revenues with the same BR number. First, additional BRs lead to higher revenues at a similar
CAPEX for the overall MP-BESS because of the flexibility for assignable battery capacity on
each APM. Thus, a system with an infinite number of BRs will have the maximum possible
revenue, but this scenario is not feasible.
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Figure 74 — Total possible revenues for three years from the IDM market and SCP market for 4 and 20 BRs
operated with OS greedy or feed-in damping for three-year simulation (2013, 2014, 2015). A total storage size

of 5,5 MWh and power 5,5 MW remains unchanged during simulation.

Additionally, the OS has a strong influence on MP-BESS behavior. While 20 BRs with a greedy
OS gain a revenue of 149.738,00 €, an MP-BESS with only four BRs operating a feed-in
damping OS gains a revenue of 149.174,00 €. The dimension for finding an optimal OS for
BESS optimization was not investigated in depth in this work. However, literature research led
to the decision to operate all CSG BRs with OS feed-in damping based on [117]. Higher
revenues due to a change in OS for CSG occur by the OS’s positive influence on weekly
maximum SCP bids. In other word, if the CSG operation is optimized with an OS, i.e. feed-in
instead of greedy, the MP-BESS can utilize more BR for SCP, thus generate more revenue upon
this market.

The economics of CSG operation are based on the assumption that any electricity that can be
charged in the MP-BESS and provided in times of low or no solar irradiation to the grid
connected loads, e.g., households, will save grid consumption and reduce the actual electricity
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cost (€/kWh). The power to and from the grid, Py.;4(t), in each time step, t, leads to cost
savings.
Pgrid (t) = PStorageCSG (t) - PPV(t) + PLoad(t) (78)

Therefore, all energy that was bought or sold from or to the grid must be accounted for:

Elepurch = J-Pchargrid () dt

(79)
Elesoiq = deisgn-d(t) dt
In addition to the revenue via grid feed,
InCRemun(t) = EleSold (t) * pRemun(t) (80)
The cost of energy from the grid is
COStEnergy(t) = ElePuTchased (t) * pEnergy (t) (81)
Resulting in the following cash flow from CSG operation:
CaFlow(t) = COStEnergy(t) - IRemun(t) (82)

In addition to the energy and energy cost approach, capacity fading related cost of storage is as
follows:

COStAging = ACCalyear * pcalyear + ACCycyear * prcyear (83)

where pcqiyeqr is the cost per kWh estimated by the calendric aging and p¢y,cyeqr is the cost per

kWh for cyclic aging, and the loss of capacity by AC is given. However, feed-in revenues only
occur under fitting legislative framework and may not be subject for a large MP-BESS.

Figure 75 depicts the overall economics for an MP-BESS operating CES for three years. The
boundary conditions were the number of BRs, i.e., 4 and 20, and an OS of either “greedy” or
“feed-in damping.” For an MP-BESS with 5.5 MW and 5.5 MWh operating three years the total
profits vary from 128.617 € up to 585.946 € over the range of three years. The range of results
and economic figures are problematic for modeling BESSs. The large number of input variables,
i.e., the load profile or the generation profile of the underlying grid, the price per kWh or per kW,
aging modelling and parameters, and other boundaries during the simulation, i.e., power
electronics efficiencies, and battery efficiencies, lead to results that can vary dramatically by
changing only one input parameter. The differences become apparent when comparing the price
scenarios. The minimal price scenario is a price of 625 €/kWh, and the maximum price scenario
is a price of 960 €/kWh. However, a clear trend can be observed, namely that the worldwide
batteries and BESS prices are decreasing dramatically [44], which will ultimately lead to higher
economic values, and over a 20 to 30 year lifetime of MP-BESSs there will be the potential for
economic utilization.

120



Multipurpose BESSs: Technical Aspects and Simulation Model

1500
| 1.137.665 €
1.037.386 € 1.073.123 €
1000 |
I 510.857 € 585.946 € |
500 - 481.886 € . |

404.494 €

kEuro

128.617 € 246.128 €

206.943 € 313.059 €

-500
553.265 € 551.718 €

1000 833.096 € | 830.443 € | 826.994 € ‘ 824.606 € |
gr. 4 Racks gr. 20 Racks feed. 4 Racks feed. 20 Racks

Figure 75 — Cumulated economics from the IDM market and SCP market for 4 and 20 BRs operated with OS
greedy or feed-in damping for three-year simulation (2013, 2014, 2015). A total storage size of 5.5 MWh and
power 5.5 MW remains unchanged during simulation, under the constraints of minimal and maximal pricing

scenarios [223].

5.7 Conclusion

Within the scope of this chapter, a comprehensive view of using a BESS as an MPT was outlined
by providing the basic concept for MP-BESSs and examining it accordingly. Additionally, the
fundamental use of BESSs as an MP-BESS was described. The results indicated that the
proposed MP-BESS topology is only one of several approaches to ultimately increase the
economic value of BESSs by overcoming technological or legal hurdles. An exemplary
implementation of an MP-BESS was given, and its results were published in [92]. The results
indicate that the utilization ratio of a BESS is a sound indicator for estimating the overall
economic value. Data indicated that several APMs show a very low utilization ratio over an
operating period, which ultimately leads to an unnecessary loss in economic value.

In addition to the fundamental experiments and simulations, a relatively complex simulation
analyzed the influence of operating a BESS as an MP-BESS, i.e., stacking several applications
on one system. This simulation was performed to prove that stacking several applications will
induce a higher utilization of BESSs, which will finally result in a decrease in economic value.
The resulting data indicated that the multiple use of a BESS, i.e., an MP-BESS, will lead to a
decrease, but not in all circumstances in capacity fading mechanisms. By stacking several APMs
on a single BESS, the technical parameters over the simulation time of three years, i.e., the
mean SOC values, mean DOC values and others, changed in a way that resulted in less
capacity fading. Furthermore, the positive effects of application stacking depend on the APMs’
power profile; however, all the results were obtained for a single LIB cell chemistry under one
specific configuration of BESS parameters and must be counter proven using a wide-ranged
sensitivity analysis. Figure 76 depicts the increase in BESS utilization by showing every hour
per day for a full year in respect to absolute BESS power. IDM and SCP stacking leads to higher
use of the storage, and the overall storage power is used as well. A comprehensive simulation
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approach for the previously defined system topology was provided regarding the operation and
simulation of an MP-BESS. This simulation was performed to provide technical proof for the
overall idea of APM stacking, which is spreading in industry.
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Figure 76 — Heatmap showing the power of an MP-BESS operating CES (top) and an MP-BESS operating CSG
only (bottom).

Focusing on power flow models and overall simulation functionality rather than providing an in-
depth simulation toolbox enhances overall understanding. Regarding the implementation of two
optimization approaches and system topology, the findings and method for MP-BESS are
promising, as the adoption of economic analyses clearly showed the benefit of the MP-BESS
approach. However, a major issue is the reliable fit of the technical parameters for the system,
which cannot be wrong under any circumstances. Thus, it is relevant to find the ideal set of
parameters for the BESS simulation environment and outline extensive sensitivity analyses.
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Furthermore, regarding the effect of total system cost, low values are regarded as too optimistic
for economic valuation. (The overall system ROl is largely dependent on CAPEX cost.) Finally,
if the special characteristics of MP-BESS are considered with regard to an adequate parameter
and input profiles, MP-BESSs might be economically beneficial over existing BESS
architectures and approaches for the current operation of BESSs because of the increase in
economic value.
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6 Multipurpose BESSs: Legal Aspects and Business Models

To achieve an energy transition in Germany, BESSs must be part of the transition approach.
There is a broad range of possible applications for BESS because of the technical conditions,
as opposed to the economic or legal conditions, are favorable. Under current legal and
regulatory conditions in Germany, the exclusive use of a single APM for BESSs is rarely
profitable. The following chapter will propose three different business models and an approach
to implementing MP-BESSs under the current legal framework in Germany.

Core Issues:
Missing Economic Value and Legal Framework
I
Basics ‘
Chapter‘Z.l /2.2 Applications
Legal Framework Chapter 3
Chapter 2.3
= -
Experimental and Case Studies
Chapter 4
Multi-Purpose BESS Business Models
Chapter 5 Chapter 6

Figure 77 — Work progress in Chapter 6.

A combination of storing PV surplus energy, relieving grid overloads, providing control reserve
and interaction in an energy exchange in one single BESS is economically meaningful, as
presented in Subchapter 5.6. Thus, MP-BESSs in LV distribution grids can achieve economic
profitability, as presented in Subchapter 5.6. Subchapter 6.1 presents an original view on new
proposed business models within the legal boundaries in Germany for MP-BESSs.

Matching the previously stated APMs consecutively results in three theoretical business models:
community battery storage, leasing, and electricity tariff models (ETMs). Each of these models
has different benefits for the respective stakeholders. Therefore, there is no clear preference
regarding marketability drives. Despite a thorough examination of the regulatory status quo in
Germany, it cannot be confirmed with certainty whether these operational concepts can
withstand a practical test, mostly in terms of economic benefits. In consideration of the German
energy market rules, laws, regulations and directives, several business actors and compatible
APMs for MP-BESSs emerge, which the following subchapter will show. In addition to legal and
regulatory framework conditions, economic framework conditions also have a significant impact
on the success of new technologies, i.e., the MP-BESS. The contemplated investment costs
and various other parameters have an economic impact on the business models. These include
electricity costs and renewable energy feed-in remuneration. However, this work does not
include a concrete economy calculation for all three models, and the investigations do not cover
the framework conditions. Full economic calculations for the described models would only be
relevant for a short time because regulation and governmental directives change quickly.
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Furthermore, because of the dependence of a large number of parameters and their individual
range, even the results of a broad sensitivity analysis on economic performance may not be
usable because of significant uncertainties. Thus, this work proposes fundamental thoughts on
BESSs, specifically MP-BESSs, and business models functioning under current (as of 08/2016)
conditions, but is not bound to these.

6.1 Business Models

Matching the interests of the different stakeholders and the APMs successfully results in three
theoretical business models. A grid-optimized operational strategy for MP-BESSs concerning
the feed-in power of PV systems, as shown in [117], including arbitrage at the continuous
intraday market and providing negative low tariff SCR, seems to be the most reasonable
approach under current (as of 09/2016) regulatory influences on the business models (See
Subchapter 5.2.). Because of the peculiarity of the MP-BESS, especially the flexible combination
of PE and BR, all APMs vary in the share of the MP-BESS throughout the year and throughout
the day. Thus, differences occur depending on the intensity of insolation and possible revenues
in the other three markets.

Financing and an appropriate legal form are essential for ownership and operation of the BESS.
Various options for financing, such as leasing and contracting, exist if the equity is insufficient.
For the considered storage size, an energy cooperative with a higher investment, a “GmbH &
Co. KG,” appears to be an adequate legal form, if an existing company does not invest and take
over operation of the BESS. The latter is a special German mixed legal form, where a limited
company, acting as a general partner, substitutes the natural person of a limited partnership.
Therefore, the “GmbH & Co. KG” combines the advantages of a corporation with those of private
companies, and the contractual arrangement can be strongly influenced by all parties. In
contrast, cooperatives have little flexibility because of the strong legislative influences. The
reasons for establishing energy cooperatives include promoting a sense of community, making
a profit, and ensuring the regional energy supply and independence from energy companies,
according to a survey by the Klaus Novy Institute [224—228].

In the following discussion, three approaches for business models for MP-BESSs in LV grids
are discussed; these approaches consider the technical peculiarities of the system and the
selected, compatible APMs.

6.1.1 Community Battery Storage

The first business model described focuses on public or citizen solar parks and is entitled
“‘community battery storage.” Solar system operators and any electricity end users join an
energy cooperative. In this case, the MP-BESS is owned by this cooperative, and each member
receives a share based on his or her capital contribution. Usually, the necessary professional
competence and expertise are lacking, and the MP-BESS is operated by an ESC. The ESC can
hold a share of the cooperative. Because the MP-BESS is owned by the cooperative, its
members either use a specific part of the system or lease to the operating ESC.

125



Multipurpose BESSs: Legal Aspects and Business Models

Owner Operator

Energy- 7 Services

cooperative |------- _—
g Revenue

—_— -
, Revenue
o Solar Energy R o Solar Energy 5 3 Grid Relief R
< MP BESS < == ———- EESCE € - - - - -
10 Revenue 10 Revenue 4 Revenue

11 Lease

€= -

Figure 78 — Community battery storage: Flows of cash, goods and services.
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Figure 78 shows the flows of cash (dashed line), goods (dotted line) and services (solid line) in
this model. An ESC generates revenues for the cooperative (2, 4, and 6) via interactions in the
energy exchange (Arbitrage) (1), relieving grid overloads (3) and providing negative low tariff
SCP (5). The cooperative remunerates (8) these three services, including the operation (7). The
revenues from the three services are passed on to the cooperative, which leads to an ROI for
its members. The possibility of profit sharing exists as an incentive for the cooperative to achieve
an increased overall efficiency. The ESC keeps a part of the earned revenues because it
provides the services. Furthermore, PV system operators (PVOs) use the MP-BESS for
temporary storage of PV surplus energy per their share. While the solar power (9) is primarily
used for the cooperative’s own consumption, the excess is sold. The ESC remunerates (10) the
final surplus and uses it depending on their portfolio. Any member of the cooperative can lease
an individual share or a part of it (especially during low insolation, e.g., in the winter) to the ESC
(11) to gain revenue (12). The latter is the only possibility for end users without a PV system to
achieve additional benefits from the cooperative in addition to the cash flow from the services
provided by the ESC. Therefore, the ROI is much higher when a member of the cooperative is
also a PVO because of the cost savings from an increasing SCP.

6.1.2 Lease Model

The second business model is termed the “lease model,” and leaseholders have the right to use
the leased capacity and power. Thus, the contract addresses not just assets but also their use.
A lease model is a form of financing similar to operate-leasing (e.g., renting an apartment) and
finance-leasing (e.g., leasing a car). Further information is provided in [226, 229] and the
German Civil Code (“Burgerliches Gesetzbuch”), especially §§ 535 — 546, 581- 597 and 835 et
seq.

The flows of cash, goods, and services in the lease model are depicted in Figure 79, in which
the type of line corresponds to the previous model. With this business model, one ESC combines
the property and operation of the MP-BESS, and their services obey the model above (1, 3, and
5), except that the cash flows are not redirected to a cooperative and stay in the ESC (2, 4, and
6).
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Figure 79 - Lease model: Flows of cash, goods and services.
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Because of the use of a specific part of the MP-BESS by PVOs, ESCs will also receive the lease
amount (8 and 12). Furthermore, power customers without a PV system receive no benefit from
this model. The success of this model depends on the lease amount. A lease can be purchased
for an entire year (7) or for less than a year (11). During periods of high insolation, PVOs prefer
a higher storage capacity. The ESC generates additional revenues with a higher rate of
operating activities, and the lease is a secure source of income.

The PVOs use their shares of the MP-BESS for temporarily storing PV surplus energy. Again,
the solar power (9) is primarily for PVO consumption, but it is also for sale, and the ESC
remunerates (10) the final surplus.

With this business model, the design of the lease contract is the main concern. According to
[69], the lease alone does not show a positive ROI for the ESC. To ensure a benefit from
providing the three mentioned services, the ESC needs to determine the availability of the
capacity and power to the PVOs. Considering weather forecasts and load curves, the ESC
needs to use the highest possible share of the BESS. Therefore, the contract must include a
clause where a certainly available proportion of the BESS is guaranteed to the PVOs, which
results in a reduced investment risk for both parties

6.1.3 Electricity Tariff Model

The third business model is termed the “electricity tariff model’ and presents the merger of
possession, property, and operation by the ESC. Since the ESC takes on finance, procurement,
and installation of the MP-BESS as well as the power supply, this model is legally classified as
contracting. Financing contracting is particularly relevant if the capital from the investors is
insufficient. Here, the contractor is paid based on performance from the operation of principal
and interest, and the plant (i.e., the BESS) regularly becomes the property of the contractee by
the end of the agreement. If plant contracting is employed, the contractor builds and operates
the BESS, and it remains in his property throughout the utilization period. Plant contracting is,
therefore, a feasible approach for all parties.
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The effect to any end users is only the level of the physical supply of electricity and, whenever
they act as PVOs, the additional power purchase. Therefore, new power supply contracts are
established with power customers in the grid area of the operating ESC. Furthermore, there is
the possibility that an electricity tariff is attached to the SOC of the MP-BESS and/or grid load,
which results in high PV self-consumption on site and probably the best-suited grid relief method
among the three models.

Again, the services and their cash flows of the ESC meet the model above (1-6), as presented
in Figure 80. The type of line corresponds to the previous models. The power supply of the PVOs
(7) and any end users (11) leads to additional revenues for the ESC (8 and 12), but the conditions
may vary. The possibility exists that the contracts between the PVOs and the ESC may also
include PV power purchases. This agreement allows the PVOs to store PV surplus energy (9),
use a part of it and sell the remainder to the ESC (10).
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Figure 80 - ETM: Flows of cash, goods and services.
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6.2 Evaluation of the Proposed Business Models

This chapter contains an evaluation of the proposed business models based on their
marketability and feasibility. However, proper financial plans for all three business models are
not available because they depend on multiple parameters, including the following:

= |nvestment costs

= Service costs

= Trade volume and revenue power exchange
»= Trade volume and income control reserve

= Demand for grid relief

= Amount and load profile consumers

= Amount and load PV systems

= Electricity prices

= Feed-in remuneration

Thus, an accurate determination of the flows of cash, goods, and services is not possible.
Because of the number of parameters and their individual ranges, the results of a broad
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sensitivity analysis may be unsatisfying. Nevertheless, the differences in the total revenues
between the models are only marginal. The choice of one model depends on whether the priority
is a benefit to the ESC or the customer, regarding business management or terms of the national
economy. With the community battery storage business model, the cooperative takes the
investment, and the ESC provides the services and acts as the operator. This model seems to
be the most economical for residents who hold shares of the MP-BESS. Despite the
dependence of the mentioned parameters and the investment risk, the highest ROl is possible
for participating residents in the immediate grid area. The will to invest and the affordability are
important. However, investment in renewables is popular with population masses in general as
several studies have shown [230, 231]. Since the commencement of the Renewable Energy
Sources Act in 2000, the total investment amount in renewable energy plants in Germany has
been more than 200 billion euros [230], and the amount was the same worldwide for the year
2015 [231]. The motivations to finance and invest in renewable sources are similar to the
reasons for investing in BESS [232]. The crucial motivations behind investment in BESS are to
hedge against rising electricity prices and to contribute to the energy transition [233]. Residents
want to invest as long as they can afford a share of the cooperative, i.e., the MP-BESS.
Furthermore, this model is well suited for ESCs because of the modest risk with a chance for
high revenue. The profit sharing concerning the services provides a strong incentive for the ESC.

The lease model excludes power costumers without a PV system, but it seems to be beneficial
for PVOs and ESCs. In this case, the ESC bears the investment risk. Even if there is insufficient
interest in leasing, the cash flow from the operating activities (arbitrage, grid relief, and control
reserve) alone should lead to a positive ROI. Nevertheless, the success of leasing will depend
on the commissioning time of the solar power plants and individual electricity costs in a broad
sense. Therefore, the contribution margin from the differences in electricity costs and feed-in
remuneration is important. The net present value of leasing an MP-BESS must be, at least,
equivalent to one of the home storage systems to be of interest to PVOs.

The ETM could provide the best contribution to the energy transition in Germany because of the
power customers, ESCs, and DSOs benefit, which makes this model the most grid-friendly type
of BESS operation. Irrespective of unbundling provisions, this model could lead to a win-win
situation for ESCs and DSOs in vertically integrated companies covering both fields. Additionally,
this model is the most customer-friendly regarding effort and knowledge. Nevertheless, the
success of this business model depends on power customer acceptance and will to change the
ESC. With approximately 40 million households [234] and an ESC changing rate of
approximately 9% in this consumer group [235], there is significant theoretical potential in
Germany to acquire customers for an electricity tariff attached to the BESS. Furthermore, the
topic of renewable energies is beneficial for electricity purchases because of the increasing
demand and willingness to pay for ecologically certified power [232]. Since the stated MP-
BESSs show network coupling without any direct connection to the respective PV system, as
opposed to home storage systems, the final consumer must pay the full apportionment for
renewables (‘EEG-Umlage”) and several other taxes and duties [73]. The allocations and costs
considering the network charges are notable. Therefore, the ROI of self-consumption decreases
with the contemplated BESS. Nevertheless, the possibility of individual network charges exists
under § 19 German Electricity Network Fee Regulation Ordinance (StromNEV). With a demand
of 10 GWh over a period of at least 7,000 hours per year [236], the fee is significantly lower and
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the overall ROl much higher. Relieving grid overloads, providing control reserve and arbitrage
at the energy exchange generate substantial additional revenues that will outstrip the additional
cost. The mentioned APMs lead to an overall increase in ROI. In this respect, economies of
scale in investment costs are also notable. An overall decision of all business models is the
purchase and sale of solar power. Under § 80 of the Renewable Energy Sources Act (EEG), a
prohibition of multiple sales limits the possibilities of the ESC. The purchase price is equivalent
to the feed-in remuneration, even if non-promoted direct marketing is the case. Therefore, an
ecologically certified power sale after storage is possible if PVOs do not claim the feed-in
remuneration beforehand, as per §§ 78-80 EEG, which raises the question of whether the
purchase should be directed or PVOs should claim government incentives. No clear preference
arises, especially if the sold power is classified as a regional product. Nevertheless, this is a
short-term decision for one month, as per § 20 EEG. Finally, non-promoted direct marketing is
a feasible option for sale and is economically beneficial [237]. The problem is that the grid
operators are unable to directly participate in the BESS because of legal provisions concerning
unbundling, which indicates that a grid-friendly and/or system-friendly operation depends only
on the available cash flow. Thus, no preference for one of the alternatives is given. The UK
Power Networks had a slightly different approach for their own business models. First, they
distinguish between distribution network operators (DNOs) and DSOs. Second, the DNO builds,
owns and operates the MP-BESS as an asset to the grid. Thus, certain stated services depend
on contracts to the market or a third party. This arrangement again has problems with unbundling
requirements, which are calculated with class and individual exemptions.

The established business models are only an overview of the options based on the status quo.
There is no certainty that these business models in the respective constellation could withstand
a legal review. This work notes the current possibilities for MP-BESS, but this work should also
lead to investigations of additional business models. However, considering the marketability of
at least one business model, expert interviews should lead to preference. Therefore, a
consultation with representatives from economic and legal fields is appropriate. From a legal
point of view, all three business models are feasible. In contrast, economic consideration by
DSOs and ESCs excludes the ETM under the current framework conditions. The other two
models are preferred based on public acceptance of the MP-BESS. Nevertheless, the operating
ESC is willing to participate in community battery storage if profit sharing is the case and if they
are granted a share of at least 51% of the cooperative. The ESC has the entrepreneurial
decision. Considering the transaction costs of the ESC, the community battery storage model is
the most feasible approach of the three business models.

Table 23 - Evaluation of the three business models, community battery storage (CES), lease model (LM) and
ETM, by experts. The statements are only indicative assessments.

CES | LM | ETM

DSO + + | +/o

ESC1 | ++ + | +/0

ESC2 | ++ + | +/0
Lawyer + + +

There is a consensus amongst all parties that storing surplus PV energy in a stationary BESS
located within the grid is barely profitable considering the current framework conditions. Taxes,
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apportionments, and levies on stationary BESS located within the grid lead to additional costs
and a potentially negative ROI. Furthermore, there is a consensus that grid relieving is not ideal
without the participation of the DSO. In this context, it is important to ensure the legal provisions
concerning unbundling.

6.3 Conclusion

In this chapter, the regulatory and legal influences in Germany on BESSs were investigated.
Because of technical (as opposed to economic and legal) conditions, BESSs are a part of the
successful energy transition in Germany. Peak shaving or peak shifting of renewable energy to
reduce the changing load flow between grid levels is a feasible approach for BESSs.

In this regard, small-scale home storage systems have been introduced to the German and
worldwide market, but they have not shown significant profitability. Considering the economies
of scale, large stationary LIB BESSs will show profitability in certain applications, and they are
currently profitable (as of 09/2016) as a PCP in Germany. However, a positive net value does
not occur in most cases without the stacking of applications.

Therefore, multi-use, multi-system, and multi-purpose BESSs were compared and evaluated
with regard to increasing the utilization ratio of the operation. Chapter 6 shows that multi-purpose
BESSs can enhance the cost-effectiveness of the system.

Although there are a variety of applications for stationary BESSs, the exclusive use of a specific
application is only rarely profitable under the current framework conditions. Rather, a
combination of storing surplus PV energy, relieving grid overloads, arbitrage at the 15-minute
intraday continuous market and providing negative SCP at low tariff is the most reasonable
approach.

Matching these possibilities consecutively results in a comparison of the three theoretical
business models: community battery storage, leasing, and ETMs. Each of these models has
different advantages and disadvantages for the respective stakeholders. Table 24 gives a brief
overview of a subjective evaluation of the three business models. Because the various pros and
cons depend on the operation strategy and the model, the ratings are based on the likelihood of
these strategies within the business models.

Table 24 - Evaluation of the three business models, community battery storage (CES), lease model (LM) and
ETM, considering the most important stakeholders of the MP-BESS and individual implementation likelihood

by experts. The statements are only indicative assessments.

CES LM ETM

DSO ++ + +/0
End users +/0 0 +

ESC ++ + +/0
Municipality + + +

PVO + +/0 +/0

TSO +/0 +/0 +/0

Because of a lack of public expertise, the energy supply company always provides any services,
including the operation of BESSs. In community battery storage and in the lease and ETMs, the
cooperative and the energy supply company, respectively, bear the investment risk for BESSs.
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Therefore, different operational strategies appear, and TSOs, DSOs, and municipalities have no
direct influence. A grid-friendly and/or system-friendly operation depends on the available cash
flows in the respective markets. For the municipality, the concession and commercial tax amount
are the same irrespective of the model.

The community battery storage offers an opportunity for a high investment return for PV system
operators, any members of the cooperative and the energy supply company as a service
provider. PV system operators and end users generate revenue by leasing parts of the BESS to
the energy supply company and by redirection of the service cash flows. Additionally, cost
savings occur via an increasing SCP of the PV system operators. Finally, the cooperative
remunerates the service provider (energy supply company). The overall efficiency may increase
with profit sharing of these services.

The lease model excludes end users from participating in BESS in any way. The energy supply
company combines property and operation, and PV system operators can lease parts of BESS.
Depending on the feed-in remuneration and individual power price, cost savings occur by
increasing the SCP of the PV system operators. The energy supply company generates a return
on their investment by keeping the service cash flows and the lease income.

The ETM presents the merger of possession, property, and operation of the energy supply
company. Therefore, this model is legally classified as contracting. The energy supply company
generates an ROI by keeping the service cash flows and the sale of electricity. Any customers
of the energy supply company located in the grid area of the BESS have the option to choose a
special electricity tariff attached to the MP-BESS. Reduced electricity costs will occur regardless
of the operation of a solar power plant. If the tariff is connected to the SOC of the MP-BESS
and/or grid load, an additional benefit for the grid and the system results.

Despite a thorough examination of the regulatory status quo and a comparison of the three
models, no clear preference was derived regarding marketability. Nevertheless, the stated and
further business models are expected to be economically feasible shortly because BESS
investment prices and feed-in remuneration are decreasing as electricity prices increase.
Therefore, this work notes some of the current possibilities for MP-BESSs, including the stated
APM in LV grids, but further business models should be investigated. In addition, it should be
emphasized that research and openly communicated business model evaluations are lacking in
the field of MP-BESSs. Multiple use, multipurpose operation, or stacking of applications is
performed to develop a temporarily working business case, gain customers and neglect the
necessity for regulatory and jurisdictional assessments of the matter. Politicians, regulators and
market participants are urged to review BESSs as an MPT.
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7 Conclusions and Future Work

To conclude the thesis, “Stationary Lithium-lon Battery Energy Storage Systems: A Multi-
Purpose Technology,” the main findings are summarized, and the major findings and results are
given. Additionally, in Subchapter 7.2, a brief outlook is provided.

7.1 Concluding Summary

In Chapter 1, the fundamental core issues that were investigated in this thesis were placed in a
broader context, and the core issues are the energy transition worldwide and interpreting LIB
BESSs as an MPT catrrier. In the literature, BESSs are typically considered a single purpose
technology with a specific application in a specific environment, but in recent literature, a shift
toward a multi-purpose technology interpretation of BESS is identified.

The basis of BESSs technology was presented in Chapter 2. Aside from the definition of different
SES technologies, which consider the overall characteristics, battery technology, i.e., LIB was
introduced in detail, and all the necessary steps from a single component to the installation of a
complete system were given. As a part of this introduction, the system safety of respective
BESSs was put into perspective, and the legal framework was identified as a crucial point for
successful economic BESS operation and installation. A stakeholder analysis for Germany
showed which participants play a role in planning, building, operating and decommissioning
BESSs.

The hypothesis, defining BESSs as an MPT carrier, which was further discussed in the thesis,
was examined in Chapter 3 by providing a comprehensive review of possible applications for
BESS. The focus was laid on the APMs most discussed in the literature and industry. These
APMs, which are all single tasking, range from small residential storage up to several MWh
storages in island grids or providing ancillary services.

The main part of the thesis, “Stationary Lithium-lon Battery Energy Storage Systems: A Multi-
Purpose Technology,” (Chapters 4, 5, and 6) was structured around two core issues. To establish
an investigation of the technical and legal functionality of BESS and their suitability for becoming
an MPT carrier to overcome missing economic value, the first part covered in detail excursuses
and case studies and provided a broader and more fundamental understanding of BESSs
operating in different APMs. The technical functionality of BESSs as an MPT carrier, i.e., MP-
BESSSs, was discussed and presented. Further, the second core issue discussed business
models for the previous findings to accumulate ideas for a proper legal framework to operate an
MP-BESS. As the respective chapters all ended with a conclusion, the results are given in the
short form.

On the core issue of missing economic value - Solution approach: Multi-Purpose Use

= LIB BESSs currently lack economic positive figures for nearly any APM (as of 11/2016). This
statement holds true for Germany, most of the EU, and large parts of the world because of
their high CAPEX burden in economic business cases.
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On

However, a dramatic decrease in cost for LIB BESSs has been observed. This decrease will
influence the aforementioned dramatically in the near future, and LIB BESSs will play a
major role in modern grid evolution and the second electrification wave worldwide.

The OPEX of LIB BESSs include materials, services and other costs to guarantee full
operation and are burdened with the high capacity fade of LIB technology, which adds to the
vast OPEX cost that must be included in business cases. The cost makes LIB BESSs even
less attractive.

LIB BESSs operating under a single APM, which accounts for the vast majority of LIB BESSs
installed in the grid worldwide, yield low capacity factors, or utilization ratios, because of low
daily usage and intensity of use.

Therefore, LIB BESSs, operating as an MPT carrier, as proposed by this thesis, i.e., MP-
BESSs, show increasing capacity factors and increasing revenue possibilities. The simple
addition of secondary, minute or quaternary APMs on BESSs add significant economic
value, and the CAPEX remain similar.

LIB BESS aging by adding APMs seems to decrease for the investigated LIB chemistry.
These results must be proven in the future using additional LIB chemistry simulations;
however, the conclusion holds true for NMC and LFP LIB.

the core issue of a proper legal framework - Solution Approach: Opening of regulations

LIB BESSs operate under severe legal restrictions, which limits their theoretical economic
value dramatically. This statement holds true for Germany, several European states, and
most states worldwide.

LIB BESSs defined as an MPT carrier offer an intensive tool for a multitude of stakeholders
in any electricity business area, end consumers, grid operators, supply companies, power
customers, transmission grid operators, municipalities and additional groups.

LIB BESSs under the legal framework of a community battery storage are the most
promising candidates for future implementation and large roll-out of LIB systems when legal
framework and regulations are adopted accordingly.

LIB BESSs under the legal framework of a lease model must figure in severe restrictions for
unbundling electricity services in many areas, hindering future implementation.

LIB BESSs under the legal framework of the ETM have been viewed by experts as an
attractive model; however, such operation would induce similar regulatory changes as the
lease model.

To support the profitability of LIB BESSs and make the technology accessible to anyone, BESSs
have to be explained and viewed as MPT technology, not only by knowledge carriers, i.e.,
scientists or industry experts, but also by the broad community of politicians, municipalities,
legislators, regulators, international and national panels and the public.

Recommendations for Action

Finally, with regard to the hypothesis of this work, that LIB BESSs have yet to be defined as
MPT carriers, the “investigation of the technical and legal functionality” toward the “missing
economic value,” LIB BESSs are regarded as suitable for a series of future tasks in the energy
transition worldwide; they are able to operate in nearly any task regarding the storage of electric
energy without constraints. In contrast, legal and regulatory framework issues (which are
present because of the number of stakeholders) constrain the economic realization of LIB BESS.
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Here, the key is to communicate LIB BESS capabilities, educate technology novices about LIB
behavior and the underlying technology, invest in research on new LIB chemistry technologies
and build new legal entities and definitions to create certainty for rising markets and a shift in the
worldwide use of energy. Further, with high priority, the legal and regulatory definitions of
electricity storage in grids, especially LIB BESS, have to overcome their current hurdles and
accelerate much faster as it is seen today. Most technical problems and issues have been
overcome, LIB prices are decreasing, and consumers are more aware of the ecological and
economic feasibility of LIB BESS. A suitable solution with high benefits to the general public, due
to its multi-purpose functionality, set LIB BESS up to be a key in the solution of energy problems
worldwide.

7.2 The Future of Electricity Markets

On the trends in the electricity market in Germany

The reduction of BESS investment prices and feed-in remuneration, as well as the increase in
electricity prices, are conducive to the economical use of BESSs. Recent changes in the legal
and regulatory framework conditions in Germany will facilitate market access for several APMs
[238, 239]. The expansion of RETs results in temporarily fluctuating electricity production and a
changing load flow between the grid levels. Thus, storing PV surplus energy and relieving grid
overloads will play an increasingly important role in Germany in the near future to alleviate the
imbalance between the north and south and between metropolitan and rural areas. In the
context of changing legal and regulatory framework conditions, the Federal Ministry of
Economics and Technology introduced the “electricity market 2.0” with a White Paper and the
electricity market law [239]. Legal and regulatory uncertainties will be gradually reduced. The
subject of storage systems will find its way into various laws. However, a statutory definition has
failed to materialize. Certain changes favor the flexibility and ancillary services of BESSs. The
shortening of tender submission periods and standby duration at the control reserve market are
notable. According to [238], the Federal Ministry of Economics and Technology has considered
trimming down the product time-slice of SCP to one hour or even 15 minutes instead of the HT
and low tariff periods used currently (as of 11/2016). Furthermore, the tender period of SCP
could change from weekly to daily. Both would be major steps toward profitable uses for BESSs
and a solution to the divergent interests of APMs. On the other side, changing regulations
regarding the battery SOC providing PCP could result in a preference for PCP over SCP.
According to [137], the required SOC range for a BESS changed if it is based on the 15-minute
criterion instead of the 30-minute criterion, particularly at a low ratio between the capacity and
prequalified PCP power. With a proportion of 1.0 and the former criterion, the SOC must be
50%. When providing the energy reserve for 15 minutes, the range is approximately 25 to 75%.
From 2021 on, there will be a fundamental change in the business models as the remuneration
for existing renewable energy installations ends, and dramatic amounts of PV system power
enter the German electricity markets. Therefore, particularly for existing PV systems, an
alternative marketing for electricity production must be established. In this context, storage
operators have the option to acquire PV surplus energy at a favorable price. Because of this fact
and the further expansion of renewables, wholesale electricity market prices are decreasing.
The principal characteristics of this market include the merit order effect and higher volatility in
prices. In summary, all of these facts suggest economic operation of the MP-BESS with the
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specified APMs. Storing PV surplus energy, relieving grid overloads, providing control reserve
and arbitrage at the 15 and 30-minute intraday continuous market are more attractive for BESSs,
and the decreasing trend in investment costs should also be considered. In general, there is a
need for a clear definition of storage and the reduction of complex levy and taxation structures
in current legislation toward simpler and more adaptable ones.

On the trends in the electricity markets worldwide

Because of the similarity of the basic electricity market architecture around the world, the
business models presented in this thesis could be of interest in countries other than Germany
[240, 241]. Although the wholesale electricity market in Europe is similar to the one in the U.S.,
differences exist, such as ancillary services. Whereas the definition by the Union for the
Coordination of the Transmission of Electricity (UCTE) includes three types of control reserves
(namely, the primary, secondary and minute control reserve), the United States Federal Energy
Regulatory Commission (FERC) considers a further subdivision (i.e., regulation, spinning, non-
spinning, replacement and supplemental reserve). Therefore, different APMs appear to be
useful. These specifications in the U.S. market are conducive to the economical operation of
BESSs. In Europe in the UCTE, all stated business models can be implemented one by one
because of the similarity of the markets. Particularly in countries with a high share of renewables
and fluctuating electricity production or changing load flow between the grid levels, MP-BESSs
are a feasible approach. However, the U.S., specifically the states of CA, MA, NYC, and TX,
recently passed major renewable energy bills to realize the potential for electricity storage. The
State of Charge Study by the Massachusetts Energy Initiative [169] outlined the incredible
hurdles electric energy storage must currently overcome and noted that all other commodities
of modern society, i.e., food, water, gasoline, oil and natural gas, are commonly stored goods.
The study concludes that 1,766 MW of advanced electricity storage (resources that can dispatch
energy in seconds, provide energy from 15 minutes to over 10 hours and range from small home
systems to utility-scale systems in the bulk power grid) in the years 2017 to 2020 would yield an
increase in the state’s gross state product of 2.2 billion USD and an additional 250 million USD
in grid savings. It can be expected that countries worldwide will reach a common level of
understanding for the use of electricity storage and increase activities to form new markets and
secure economic wealth and a greener future.
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List of Abbreviations

AbLaV ordinance on agreements concerning interruptible loads
ACER agency for the cooperation of energy regulations

APM application mode

AUX auxiliary system component

BESS battery energy storage system

BMS battery management system

BMs battery cell modules

BRs battery module racks

BSC black start capacity

CAES compressed air energy storage

CAES-AA  advanced adiabatic compressed air energy storage

CAPEX capital expenditure

CES community battery energy storage system
CPC cooperative patent classification system
CSG community and grid services (APM)
DER distributed energy resources

DG distributed generation unit

DLC double-layer capacitor

DOC depth-of-cycle

DOD depth of discharge

DSO distribution grid operator

DSO distribution system operators

EEG renewable energy sources act

EES electrical energy storage system

EEX European energy exchange

EFB empty fruit bunches

EMA exponential moving average

EMS energy management system

ENTSO-E  European network of transmission system operators for electricity / www.entsoe.eu

EnWG German energy act
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List of Abbreviations

EOL end of life

EPEX European power exchange

ESC energy supply company

ETM electricity tariff model

FERC United States federal energy regulatory commission / www.ferc.gov
FES flywheel energy storage

FUS fiber and shell

GPT general-purpose technology

GRID grid optimized application mode (APM)
HT high tariff

HV high voltage

ISO independent system operator

KWK combined heat and power act

LCOE levelized cost of energy

LIB lithium-ion battery / storage

LM lease model

LPT local power transformer

LT low tariff

LV low voltage

MP-BESS  multi-purpose stationary battery energy storage system
MPT multi-purpose technology
MS-BESS  multi-storage battery energy storage system

MU-BESS  multi-use battery energy storage system

MV medium voltage

NaS sodium-sulfur energy storage

NERC North American electric reliability corporation / www.nerc.com
PCP primary control reserve / power (APM)

PE power electronic device

POME palm oil mill effluent

PV photovoltaic

PVO PV system operators

RES residential energy storage

RET renewable energy technology
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ROI

RTO

SCP

SCR

SEI

SELF
SMA
SMES
SOA
SOC
SOF

SOR
SOS

SPT

SSR
StromNEV
StromNzZV
StromStG
TCR

TSO
UCPTE
UCTE
XHV

List of Abbreviations

return on investment

regional transmission organization
secondary control reserve / power (APM)
self-consumption rate

solid electrolyte interface

storing surplus PV energy (APM)

simple moving average

superconducting magnetic energy storage
safe operation area

state of charge

state of function

state of reliability

state of safety

single-purpose technology

self-sufficiency rate

electricity grid charges ordinance
electricity grid access ordinance

electricity tax act

minute control reserve / power (APM)
transmission system operator

Union for the Coordination of Production and Transmission of Electricity
Union for the Coordination of the Transmission of Electricity

extra-high voltage
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List of Symbols

Cgr, capacity of a specific BR (humber indexed)
Cese capacity of all community and grid serving battery racks of a MP-BESS
Cindex cost of a electricity (type indexed)
tsunset daily time for sunset at a specific geopoint
DCR direct consumption rate
Eindex energy (type indexed)
e frequency deviation

P CSGiim maximum power available for CSG operation

4 merit order function in the SCP market [vector of bids]
apt number of apartments
Npr number of BRs (BR type indexed)

Eorr offered energy in the SCP bid

Posr offered power in the SCP bid

Pstor overall MP-BESS power

Pindex power (type indexed)

Pgg, power of a specific BR (number indexed)

NBESS roundtrip efficiency of a BESS

NLi roundtrip efficiency of a LIB

NpE roundtrip efficiency of a PE unit

Nsys roundtrip efficiency of auxiliary systems in a BESS
SCR self-consumption rate

SSR self-supply rate
tindex specific time (indexed)
Soc state of charge

Escpax total energy require to fulfill SCP market bid

0 total number of applications
Y total number of BESS

Lref total possible time of utilization
Ty utilization ratio [%]

SCP,t weekly SCP participation vector (binary)
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A.1 PATSTAT CPC code for search query

Included Codes

CPC subclass | Group(s) & subgroups
B60L 11/185%
B60L 11/186%
B60L 11/187%
B60OH 1/00278
B6OR 16/04
HO1M 2%
HO1M 10%
HO1M 2200%
HO1M 2220%
HO2H 7/18
HO02J 7%
YO2E 60/12%
YO02T 10/7005
YO02T 10/7011
YO02T 10/7016
YO02T 10/621%
YO2T 10/622%
YO2T 10/623%
YO02T 10/624%
YO02T 10/625%
YO02T 10/626%

Excluded Codes
HO02J 17%
HO1M 12%
B60L 11/185

A.2 SCOPUS code for search query
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(ALL(battery)

AND NOT KEY(primary)

AND TITLE-ABS-KEY("battery system")

OR TITLE-ABS-KEY("battery module")

OR TITLE-ABS-KEY("battery pack")

AND TITLE-ABS-KEY("secondary battery"))
AND PUBYEAR > 1989 AND PUBYEAR < 2016
AND ( LIMIT-TO(SUBJAREA,"ENGI")

OR LIMIT-TO(SUBJAREA,"ENER" )

OR LIMIT-TO(SUBJAREA,"COMP" )

OR LIMIT-TO(SUBJAREA,"ENVI")

OR LIMIT-TO(SUBJAREA,"MATH"))
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A.3 Purpose of Li-ion storage systems from data derived from DEO Database

Purpose of Li-ion storage systems| n share

Renewable capacity firming |119| 26.33%
Frequency regulation | 105 | 23.23%

Electric bill management | 101 | 22.35%

Electric energy time shift| 99 | 21.90%

Onsite renewable generation shifting| 75 | 16.59%
Renewables energy time shift| 71 | 15.71%
Voltage support| 70 | 15.49%

Electric bill management with renewables | 50 | 11.06%
On-site power| 49 | 10.84%

Grid-connected commercial (reliability & quality) | 47 | 10.40%
Amount of Li-ion storage systems |452 | 100.00%

A.4 Number of Li-ion storage system projects per country from data derived from the DEO
database

Country| n |share

United States | 224 | 50%
China| 50 | 11%

Korea, South| 22 | 5%
ltaly| 20 | 4%
Netherlands| 20 | 4%
Germany| 19 | 4%
Japan| 18 | 4%

United Kingdom | 13 | 3%
France| 10 | 2%

Spain| 10 | 2%

A.5 Number of Li-ion storage system projects per continent from data derived from the DOE
database

Continent| n |share
North America | 239 | 53%
Europe | 106 | 23%

Asia| 95 | 21%

Others| 13 | 3%
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A.6  SOC heatmap of an MP-BESS operating CES (top) and an SOC heatmap of an MP-BESS
operating CSG only (bottom)
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