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Abstract
The increasing integration of renewable energy installations at the distribution grid level has led to a strong increase in grid reinforcement measures in
recent years. Since the costs are being passed on to the general public via
the grid user charges, it is necessary to investigate and evaluate alternatives.
As part of the project, that is investigated in this thesis, a large-scale vanadium redox ow battery storage system was integrated into the power grid of
a German distribution grid operator for the rst time. The battery system
is a prototype and its inverter and battery have been developed specically
for the analysed project. The main objective of the project was to quantify
the extent to which grid expansion measures can be avoided by the use of
batteries and to what extent the balancing act between an economic and
grid supportive operation is possible. Finally, the battery application was
compared technically and economically with other exibility options for a
pilot region.
A preliminary analysis of possible business cases for large battery systems
shows that the application of batteries in the primary control power market
is by far the most lucrative application in the current German framework.
It is followed by an application for cost reduction where self consumption of
PV power is favoured over grid power. Both business cases are analysed in
further detail.
The thesis is mainly focused on the grid supportive primary control application. The grid supportive behaviour of the analysed battery has been
ensured by regulating the voltage in the low voltage grid via a reactive power
control and thus increasing the grid capacity. The developed battery system
was tested in the eld during a one-year eld test. The battery prototype
and the grid of the pilot region was modelled based on measurement data.
Furthermore, a method to derive an optimal operating strategy for electricity storage was developed and implemented. The strategy was developed
with the aim to identify a self-sucient operation mode which ensured the
highest possible prot and validated in a eld test. Albeit being the most
lucrative battery application in Germany today, economic calculations have
shown that the average cost of vanadium redox batteries would have to fall
by about 60 % to achieve protable operation. Nonetheless, since this is a
new technology, both the expectations and potential for cost reduction are
high.

The second most promising application, the maximisation of self-consumption, is also analysed through the means of a simulation for the pilot region,
but without a implementation in the eld. For this purpose a battery model
for a vanadium redox ow battery based on measurement data is applied.
To ensure grid supportive behaviour, an autonomous reactive power control
based on a Q(V)-characteristic and peak shaving is implemented. The technical and economic assessment of this operation strategy is compared with a
lithium-ion battery providing the same service. It is shown that this business
case could already be protable, with a more favourable legal framework in
place. However, at present the investment costs of the vanadium redox ow
battery has to fall by at least 77 % to break even for this operation strategy.
Nonetheless, it could be demonstrated that it has almost no negative economic impacts if the battery storage system is operated in a grid supportive
way in addition to its primary purpose.
Finally, a technical and economic assessment of the impact of the two large
scale battery applications on distribution grid planning is conducted. Additional exibility options such as a cosϕ(P) and Q(V)-control of PV systems
and the use of residential storages are considered as well. For this purpose,
a future PV expansion pathway was developed for the pilot region, as well
as an automatic (traditional) grid expansion without exibility option as a
reference scenario. The PV expansion pathway is based on the identication
of suitable roof areas for PV systems using aerial photographs. It has been
shown that the hosting capacity for renewable energy installations increases
in all cases compared to the scenario without exibility options, sometimes
by up to 45 %. In addition, it was found that from the perspective of grid operators it is more protable to apply the presented exibility option instead
of a traditional grid expansion.
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1

Introduction

1.1 Motivation
The energy system in Germany is currently changing. In the past, electrical energy was injected by large power plants into the transmission system
(220 kV and 380 kV) to cover long distances. It was then delivered to costumers via distribution grids (1 kV to 110 kV). Since the German Federal
Government decided to withdraw from the nuclear energy programme and
to reduce the greenhouse gas emissions in order to mitigate climate change,
the expansion of renewable energy sources was subsidised by introducing
the German Renewable Energy Act (EEG) in 2000. This led to a huge increase of the renewable energy share in the German electricity mix from
7 % in the year 2000 to 32 % in the year 2016 [1]. Furthermore, as a consequence of the sinking levelised cost of electricity (LCOE) of renewable energy
sources, grid parity was reached in 2012 for photovoltaic (PV) power plants
in Germany [2]. Grid parity means, that renewable energy sources are able
to produce electricity below the purchase power price from an electricity
provider.
This trend will probably continue as the German Federal Government
committed itself to a renewable energy ratio of 80 % of the gross electricity
production in the year 2050 [3]. In contrast to conventional power plants,
renewable energy sources are mainly realised as distributed generators (DG),
as dened by [4,5]. Due to their relatively small installed nominal power they
are mainly connected to the distribution grid at medium voltage (MV) and
low voltage (LV) levels [6,7]. For example, 80 % of photovoltaic power plants
in Germany are connected to the LV grid [8]. Due to this, the nominal
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DG power installed in the distribution grid surpassed the power installed
in the transmission grid in 2010 [9]. Furthermore, the DG are distributed
very inhomogeneous in Germany with wind power plants in the north and
photovoltaic systems in the south [10]. This, and the fact that the power
feed-in of DG is not necessarily simultaneous to the local load demand, results
in a transformation process of the distribution grids. Formerly these grids
were characterised by the consumption whereas now the reverse power ow
becomes increasingly common. This means that in some moments of the year
there is a power ow from the distribution grid to the transmission grid [11].
As German electricity grids are planned to work uni-directional with a
power ow from high to low voltage levels, this could lead to several problems. For example, the protection concept is designed such as to work for
a uni-directional power ow and may not work in a bi-directional way [12].
Furthermore, power quality issues can arise. In some grids the maximum
possible PV penetration rate is reached as DG are often installed in (weak)
rural grids [13]. Therefore, an additional installation of DG is often followed
by grid reinforcement in order to solve over-voltage (OV) and equipment
over-loading (OL) issues caused by the DG.
The drawback of this traditional grid planning procedure is large investment in infrastructure with a low utilisation rate. Historically, grid expansion
planning has been based on maximum load scenarios, but in the case of a
high penetration with DG the grid is dimensioned to deal with maximum
generation [14]. But unlike for large thermal power plants, the power output
of wind and PV systems is dependant on the weather. This can be illustrated
with an example: The number of hours in which PV-systems (in south Germany) feed more than 90 % of their rated power into the grid is below 100
hours a year [15]. Nonetheless, the grid has been sized for 100% of the rated
power [16]. Due to this, traditional grid planning may cause inecient grid
operation and higher grid utilisation fees that have to be borne by the general
public (cost increase of 9,2 % from 2008 to 2014) [17]. As in [18] predicted,
this will lead to a linear cost increase for DG induced grid reinforcement
due to OV and over-loading issues of 331 EUR/ kW until 2030. The cost
can be attributed to dierent voltage levels (400V: 13 % / 1 kV-36 kV: 29 %
/60 kV-380 kV: 58 %). Therefore, the German Government initialised and
funded, amongst others, the project SmartPowerFlow (SPF), to analyse and
evaluate alternatives to traditional grid expansion. The scientic evaluation
of the SPF project is an essential part of this work.
Within this project a large scale vanadium redox ow battery prototype
has been integrated in the grid of a distribution system operator for the rst
time in Germany. The battery storage system (BSS) is composed by the
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following main components: the battery (named CellCube FB200-400 DC)
of the company Gildemeister energy solutions GmbH and the inverter (SCS
630) and inverter control software which were developed for this project.
The BSS prototype was installed in the market town Tussenhausen in
the administrative district Unterallgäu. The BSS has been implemented in
the LV-grid of the Lechwerke Verteilnetz GmbH (LVN), as this distribution
system operator experienced a huge expansion of installed DG in the last
years (Figure 1.1).

Figure 1.1: Installed cumulated power of DG in the grid of LVN.
The objectives of the project are interlinked with the objectives of the
thesis and described in the following section.

1.2 Objectives
The integration of large scale BSS as grid equipment implemented by the
DSO with the only purpose to reduce grid expansion costs tends to be nonprotable [19, 20]. This is particularly true for distribution grids, due to the
relatively low costs of grid equipment compared to other voltage levels. The
costs for grid equipment in LV is usually considerably lower than the costs
for the implementation of large scale BSS [21]. For instance, the costs of
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one MV/ LV transformer can be assumed to be around 35,000 EUR (630
kVA, including switchgear and station) [21], whereas the nett price of one
CellCube FB200-400 DC (200 kW; 400 kWh) was listed for 849,000 EUR in
2015. Therefore, the implementation of such a BSS would have to replace
more than 20 MV/ LV transformers. This seems very unrealistic even with
the falling battery prices that can be observed at present. Furthermore,
within the legal framework in place in Germany, the reimbursement of the
battery owner for the avoided grid expansion costs is controversial and unclear [22, 23]. Thus, the implementation of a large scale BSS with the only
purpose to reduce grid expansion costs does not seem protable (in most
cases) and feasible at present.
The combination of a grid supportive behaviour with a prot orientated
operation strategy might be a feasible solution. Thus, the main objective
of the thesis is to evaluate, whether grid expansion measures to increase the
hosting capacity for DG can be reduced in distribution grids by integrating
a grid supportive and prot orientated large scale BSS.
Therefore, if a protable and feasible combination is found, the number
of large scale BSS in distribution grids might increase. Nevertheless, other
alternatives to traditional grid expansion and large scale BSS need to be
considered as well, in order to evaluate the benet of the dierent options.
The main objectives of the thesis are:

•

Identication of the two most protable business cases for large scale

BSS in distribution grids under the current legal framework in Germany: The aim is to nd the most protable market based business
case and the most protable cost reduction business case.

•

Field test of the most protable combination of a market based prot

orientated operation strategy with a grid supportive behaviour: The
aim is to show that it is possible to reduce the main driver for grid
expansion (OV issues) and at the same time react with the active
power to market signals, even if the power ow of the active power is
unfavourable from the point of view of the DSO.

•
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Evaluation,

if for the two identied business cases the given BSS
prototype can be operated protably and reduce grid expansion costs
at the same time: The aim is to achieve this by applying a reactive
power control strategy, additionally to the active power control strategy
which is used to earn revenues. An additional aim is to quantify the

1.3 SmartPowerFlow: Project Overview
additional cost burden of the reactive power control strategy for each
of the two business cases.

•

Techno-economic comparison of protable grid supportive business

opportunities for large scale BSS with other exibility options, with
the focus on the impact on distribution grid planning: The aim is
to quantify for a given DG expansion pathway of a pilot region the
future grid expansion costs of traditional distribution grid planning
and compare them with the costs caused by the implementation of
large scale BSS (applying the two identied grid supportive business
cases). Several more common alternatives to traditional grid expansion
are also assessed, in order to evaluate the relevance of the large scale
BSS options.

1.3 SmartPowerFlow: Project Overview
As stated before, it is a great challenge for distribution grid operators to
integrate uctuating DG into their grid. To ensure a safe and stable energy
supply with increasing DG, investment decisions have to be made. It is still
unclear if and how the implementation of large scale BSS into distribution
grids may be used as a tool to increase the expansion of renewable energy
systems. Within the SmartPowerFlow project [24] a vanadium redox ow
battery (VRFB) prototype has been developed for this purpose and integrated into the grid operation. It was installed into a suitable distribution
grid in Swabia in Bavaria, to demonstrate the cost optimised integration of
DG. The VRFB has a rated power of 200 kW and a capacity of 400 kWh.
As stated before, the main goal of the project is a comparison of traditional
grid expansion versus battery implementation, as well as a techno-economic
assessment of the storage application at the distribution grid level. This
three year project was divided into three major phases:

• Phase 1: Optimal allocation of a large scale VFRB within the grid of
the DSO LEW Verteilnetz GmbH (LVN), based on load ow simulations under consideration of technico-economic criteria. Development
of an inverter for this battery (rst year).
• Phase 2: Integration of the BSS into the grid of LVN and validation of
simulation models based on measured data (second year).
• Phase 3: Development of a holistic concept to integrate large scale BSS
into distribution grids, as well as a techno-economic comparison of grid
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Figure 1.2: The vanadium redox ow battery installed in the SmartPowerFlow project.
expansion versus battery integration (second and third year).
The four project partners had dierent tasks. These were:

• LEW Verteilnetz GmbH: Provision of detailed generator and load data
of distribution girds, as well as dening criteria for the allocation of
optimal BSS locations and operation strategies.
• Younicos AG: Development and realisation of a energy and battery
management system as well as the integration of the battery to the
control system of the distribution grid operator.
• SMA Solar Technology AG: Development and evaluation of a battery
inverter for redox ow batteries.
• Reiner Lemoine Institut gGmbH: Project coordination, systematic analysis of the grid optimisation and economic analysis of dierent battery
applications.
This project was granted by the German Federal Ministry of Economics
and Technology (BMWi) and the Projektträger Jülich GmbH and was one
of the few lighthouse projects (grant number: FKZ0325523A).
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1.4 Structure of the Thesis
Chapter 2 is a review chapter. At the beginning, the legal framework for
the operation of distribution grids in Germany and the challenges that arise
with the integration of high shares of DG, are described briey. Furthermore,
traditional distribution grid planning and new grid reinforcement planning
methods are presented. Finally, the gap in research is derived and the contributions of this thesis to ll this gap are linked to the respective chapters.
In chapter 3 the applied VRFB prototype and its implementation is described. Furthermore, the pilot region along with an assumed PV expansion
pathway is presented.
A brief overview based on a literature review of dierent BSS applications
and their possible prot margins for the German energy market is presented
in chapter 4. In the same chapter possible revenue streams for several market
based applications with single and combined revenue streams are calculated
for the BSS prototype and discussed. As a result of this comparison, the
most protable market based application is derived. The application with
the highest cost saving potential is assessed, too. Finally, for these two applications, the regulatory frameworks and technical restrictions are described
and the consequences on their respective operating strategy is discussed.
The two most protable applications primary control reserve and selfconsumption maximisation are combined with a grid supportive behaviour
and are assessed in detail in chapter 5 and chapter 6, respectively. The
primary control reserve application (chapter 5) has been implemented and
tested in the eld. Furthermore, the results gained of simulating the operation strategy are validated with measured data. The self-consumption
application is discussed in detail in chapter 6. As in 2018 self-consumption
is mostly implemented in residential storage devices, these applications are
used as a starting point. As for this application the control strategy is not
strictly determined by the regulatory framework a review is conducted to
select the most protable one. This strategy is then adapted to a grid supportive operation strategy large scale BSS and used for a techno-economic
assessment.
The implementation of large scale battery systems in distributions grids
is discussed in chapter 7. The focus lies on BSS that apply self-consumption
maximisation and primary control reserve, due to their economical relevance.
Traditional as well as alternative approaches of grid planning are applied and
compared. These two BSS applications are compared with traditional grid
expansion measures, as well as with other alternatives.
The conclusion and a outlook for future work is given in chapter 8.
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Chapter

2

Review of the Impact of Large Scale
Battery Systems in Distribution
Grid Planning

In this chapter the literature concerning grid planning and the integration
of large scale BSS in the distribution grid in Germany is reviewed. Essential
denitions for the understanding of this chapter and the thesis are introduced in section 2.1. The denitions are followed by section 2.2, in which
the operation of distribution grids under the current legal framework in Germany and the challenges that arise with an increasing penetration of DG are
presented. Furthermore, the methodology for traditional distribution grid
planning along with an extensive review of grid reinforcement measures for
LV and MV is given in section 2.3. New planning methods for integrating
DG and BSS in distribution grids are presented and discussed in section 2.4.
Finally, the gap in research is derived from the literature review in section 2.5
and the contributions of this thesis to ll this gap are linked to the respective
chapters.

2.1 Denitions
2.1.1 Voltages
In this work, voltages and voltage changes are stated as absolute values in
Volt (V), as relative values in % or per unit (p.u.), according to DIN 5485.
The reference value is always the nominal voltage Vn of the grid. Phasor
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diagrams and time-dependant values are expressed according to DIN 54833:1994-09.

2.1.2 Distribution Grid
The focus of this work is on distribution grids. All grids in this work are
electrical grids and can be categorised according to their nominal voltage.
Vn is dened in DIN VDE 0175 for German grids. In urban areas with a
high load density, the 60 kV and 110 kV levels may be included in distribution
grids [25]. As the grids analysed in this work are all rural or semi-rural grids,
these voltage levels are not considered. Thus, distribution grids are dened
according to Table 2.1.
Table 2.1: Categorisation of the common voltage levels in Germany
Grid category
Vn [kV]
Voltage level
380
Transmission grid
Extra-high voltage level EHV
220
110
High voltage grid
High voltage level HV
60
20
Medium voltage MV
Distribution grid
10
0.23/ 0.4
Low voltage LV
In conclusion, in this work the term distribution grid refers to all MV and
LV grids that are connected physically to the MV busbar of one particular
HV/MV substation.

2.1.3 Decentralised Generation
Within this work decentralised generation is dened as [5]:
"Distributed generation is an electric power source connected directly to
the distribution network or on the customer side of the meter."

Although, in general, this denition includes various technologies, in this
work DG specically refers to renewable energy sources. The customer side
of the meter means that the DG can be installed "behind the meter", as it
may be the case for PV especially, if it is used for self-consumption.
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2.1.4 Autonomous Control in the Context of Distribution
System Operation
Autonomous control in the context of distribution system operation is based
on the extensive denition of [26]. In the context of this work autonomous
control strategies are dened as operating strategies that rely entirely on
locally measured values and need no communication infrastructure. Furthermore, there is no communication between the single grid participants
applying an autonomous operating strategy. Thus, it is a local control approach (in contrast to a centralised control approach) according to IEC IEV
60050-351-26.

2.1.5 Hosting Capacity
The technical restrictions for OV and OL are commonly used to determine
the hosting capacity, as dened in [27], to integrate DG into existing grids.
An exhaustive international overview of the main technical issues limiting
the hosting capacity for DG of distribution feeders is given in [28].

2.1.6 Flexibility Option in the Context of Distribution Grid
Planing
The term exibility option is based on [29], who uses it to describe

"control

strategies to provide greater exibility and use of existing network assets."

Another more extensive denition of exibility in the context of distribution grid planing is provided by [30]:
"Flexibility is a generic term for a bundle of dierent topics such as demandside, infeed and storage management for system, market and grid condition
purposes.

Flexibility can be provided by all grid-connected technical units,

which are able to temporary modulate their power consumption or production. This ability is usually the result of a certain energy storage capacity,
which may be a physical storage (e.g.

gas storage) or an inherent storage

capacity of a process (e.g. thermal inertia). Furthermore, exibility can be
provided by curtailment of RES or processes with alternative energy supplies
(e.g. combined electrical and gas heating)."

[29] proposes a centralised control strategy which applies a AC optimal
power ow (OPF) based technique to increase the hosting capacity for DG in
a distribution grid with an Active Network Management. In contrast to the
centralised Active Network Management, the focus of this work is set on the
local control approach of autonomously operating strategies that avoid OL
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and OV. Nonetheless, their aim is the same: to increase the hosting capacity
for DG in distribution grids.
In conclusion, if a control strategy is applied by a grid participant for the
goal of increasing the hosting capacity, it is dened in this work as exibility
option.

2.1.7 Large Scale Battery Storage Systems
Generally large scale BSS may be dened through various aspects, which
may lead to conicting or unclear denitions. They may be dened by their
type of operation, as in [31, 32]. In [31] large scale BSS are delimited from
small scale BSS, if they supply peak levelling services and are grid connected
or if power-quality control applications are applied. Another denition of
the application of large scale BSS is given in [32], where the distinction
is made between energy related or power related applications. In energy
related applications the storage is charged and discharged during several
hours, reaching one cycle a day. In contrast to this, for power applications
the BSS is cycled several times a day and discharged and charged in shorter
periods (typically seconds and minutes). The type of application directly
aects the range in which the rated power range of the BSS tends to be and
might be used as an indication, as listed in Table 2.2 according to [33].
Table 2.2: Energy and power related applications for BSS [33]
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Application

Nominal power P

Energy related:
Peak shaving
Load levelling
Energy arbitrage

0.1 MW to 10 MW
1 MW to 100 MW
50 MW to 500 MW

Power related:
Frequency control
Voltage regulation
Power quality regulation
Bridging power

1 MW
1 MW
1 MW
1 MW

to
to
to
to

30 MW
30 MW
30 MW
30 MW

2.1 Denitions

2.1.8 Denitions of Behaviours of Battery Storage Systems
BSS may provide active and reactive power. The application dependent power
ow may either lead to less or to additional grid reinforcement cost [18]. In
this section dierent system behaviours of the BSS are dened, in order to
quantify their impact on the distribution grid planning. In this study the
term system refers to electrical systems only. Every BSS may be categorised
in one or several of the four categories [34, 35]:
(a) Grid compatible
If the minimal technical requirements in regard to quality, reliability and
safety imposed by the DSO are fullled by the BSS, it can be considered
as grid compatible. In the near future operators of DG will need to
prove this behaviour via certicates to the DSO. Based on the technical
specications of to PV systems, possible future capabilities which have
to be proven by the BSS, are [36]:
(i) Short-circuit current capability, (continuous) current carrying capacity ampacity and switching capacity of the main components
(ii) Active power feed-in
(iii) Active power concept
(iv) Network disturbances like rapid voltage drops, long-term icker,
harmonics and interharmonics
(v) Fault ride through
(vi) Contribution to the short circuit current
(vii) Static provision of reactive power
(viii) Conditions for connecting and protection concept for disconnecting
the system
(b) Grid supportive
This characteristics describes the behaviour of the BSS to be able to
actively stabilise the grid to a level that goes beyond the minimal prerequisites described before. It has a local component to it, since some
issues like OV and OL have to be solved locally. OL may be solved
with active or/and reactive power control [35]. The market incentive
programme from the German Federal Government and the state-owned
KfW banking group is coupled to several technical requirements. The
most important measure to receive this incentive is the limitation of
maximum feed-in power of the PV storage system to 50 % of its nominal
power at the point of common coupling [37].
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(c) System compatible
Analogue to a grid compatible behaviour, a system compatibility is given
with the fullment of the minimal requirements of the BSS to ensure a
safe operation of the whole electrical system. In this case the contribution
to the spinning reserve, as well as the provision of ancillary services as for
instance black start capability and frequency control play an important
role. Some of these services, like the provision of primary frequency
control, are remunerated, whereas some, such as the provision of spinning
reserve or active power reduction in case of over-frequency, are not [35].
(d) System supportive
A BSS can be considered system supportive, if it leads to greater exibility of the electrical system. The operation of the BSS is then optimised
to minimise local issues as described for the grid supportive behaviour
and at the same time to provide services for the whole electrical system.
An example may be the provision of reactive power to reduce local OV
issues and the provision of active power to provide frequency control
and/or spinning reserve.

14

2.2 DG and BSS Connected to Distribution Grids in Germany

2.2 Legal Framework, Arising Challenges and
Possible Solutions for DG and BSS Connected
to Distribution Grids in Germany
2.2.1 Legal Framework for the Operation of Distribution Grids
According to the German Energy Act (EnWG) section 14(1) [38] the grid
operators are legally bound to ensure a safe and stable energy supply. Especially the power quality issues of OL of cables and transformers as well as
OV are of major interest. The requirements that should be fullled regarding
OL of transformers and LV-cables are dened in DIN EN 60076-2:2011 [39]
and DIN VDE 0276-603 [40], respectively.
Table 2.3 shows the load factors of the rated apparent power Sr for different components according to [18] under normal operation conditions that
are dened in [41]. For the heavy load ow (HLF) and reverse power ow
(RPF) dierent maximum load factors apply. This is due to the dierent
shape of the proles in both cases. Furthermore, the (n-1)-criterion as dened in [16] and further specied in [18] applies for MV-cables and HV/ MV
transformers for the load case. In the case of a HLF for MV-cables and HV/
MV transformers [18] sets the maximum loading to 120 %. For all other components and scenarios it is set to 100 %. Nevertheless, the maximum loading
of MV/ LV transformers depends not only on the prole but is also not consistent in the literature: it ranges from 150 % for oil immersed transformers
only [42, 43] to 120 % [44, 45] and 100 % [18] for all kind of transformers in
the case of a RPF caused by PV systems.
Table 2.3: Equipment load factors [18]
Equipment
LV-cable
MV/LV tran.
MV-cable
HV/MV tran.

Load factor of Sr
Heavy load ow
max. 100 %
max. 100 %
max. 60 %
max. 60 %

Load factor of Sr
Reverse power ow
max.
max.
max.
max.

100 %
100 %
100 %
100 %

Voltage characteristics in distribution grids are dened in [41]. The most
important restrictions are that the frequency has to be kept at 50 Hz ±1
Hz and the 10−minute RMS average of the voltage at the point of common
coupling (PCC) has to be kept with in an interval ±10 % of the nominal

15

Chapter 2 Review of the Impact of BSS on Distribution Grid Planning
voltage. To ensure this, two technical specications for DG quantify the
permitted voltage rise of 2 % in the MV [46] and of 3 % in the LV [47],
respectively . These technical specications apply if the MV or the LV are
calculated separately, otherwise these thresholds don`t have to be considered.
Furthermore, all generators connected to the electrical grid have to comply
with the specications in [48], [49] and [50], respectively. Furthermore, the
technical note [51] has to be considered for BSS connected to the LV.
The technical restrictions for OV and OL are commonly used to determine
the hosting capacity, as dened in [27], to integrate DG into existing grids.
An exhaustive international overview of the main technical issues limiting
the hosting capacity for DG of distribution feeders is given in [28].

2.2.2 Challenges and Solutions for Electrical Grids with
Fluctuating Feed-in of Renewable Energies
Several challenges may arise from the integration of high shares of RES into
the electrical grid [26, 28, 52]:
For distribution grids:
Thermal OL of network equipment
Voltage rise
Increased fault levels, especially for MV grids
Power quality issues
Impact on grid protection due to RPF
Eect on the operation of voltage regulators and tap changers because
of RPF
• Impact on grid losses

•
•
•
•
•
•

For the whole electrical system:

• Increased demand of control power
• Increase of transmission line bottlenecks
• Decreasing spinning reserve
The most important challenge in distributions grids on an international
level is due to OV issues [28]: In Germany for example, 80 % of the grid
reinforcement is due to OV issues in distribution grids [53]. Besides grid
reinforcement, ancillary services have to be provided by generators and loads
to cope with these issues. These services are dened in [54] and are classied
for normal operation conditions by their purpose:
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• Frequency control
• Voltage control
• Remote automatic generation control
• Grid loss compensation
All these ancillary services can be provided by DG and in particular by BSS
[55]. Therefore, the technical and economic applications of BSS are analysed
with the requirement to supply ancillary services and as an alternative to
traditional grid reinforcement.

2.3 Traditional Distribution Grid Planning
The distribution grid planning process is determined by three main aspects:
economics, reliability and environmental issues. Concerning the economics,
the high investment cost and the long lifetime of the technical equipment are
the most important criteria. Reliability is quantied through the System
Average Interruption Duration Index (SAIDI) which is the average outage
duration for each customer served in minutes. For the German LV and the
MV combined this value ranges from 12 to 21 min/a (reliability of 99.996 %
to 99.998 %) between 2006 and 2014 [56].
Further parameters for the planning process can be found in [57] and
[58]. These restrictions lead to a planning process as described in [5860]
which may have dierent tasks and may be divided in a structural and a
temporal category. The structural dierences are, whether a greeneld or
a reinforcement planning of existing grid equipment is considered [59]. In
the temporal category three dierent time horizons can be distinguished:
long term (up to 30 years), medium-term (6-10 years) and short-term (35 years) [6163].
Although, there are various guidelines for distribution grid planning on
a national [58] and an international level [64], as well as additional recommendations [65], every DSO has a dierent planning process because of the
dierent characteristics of each distribution grid and DSO [57]. To standardise the dierent planning approaches a study was conducted that summarises
the methodology of 17 DSO, covering more than 50 % of all distribution grids
in Germany [18]. It can be regarded as the state-of-the-art approach. Figure
2.1 describes the conventional distribution grid planning schematically:
One problem of this approach lies in the input data, since the LV load
is usually not measured and has to be estimated. The estimated LV load
may be gained from the (measured) annual maximum load of the secondary
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Figure 2.1: Distribution grid planning schematic [18, 60] (adapted)
transformers [66], the rated power of these transformers [59] or from structural data as the degree of electrication or population density [58, 66]. Approaches employing combinations of these datasets are possible [18]. On
the generation side, the rated power of the generators is usually known and
published [67].
To evaluate whether a certain threshold is reached (as described in section
2.2) a power ow calculation is conducted in which the powers of the loads
and the generator are adjusted to certain worst case scenarios, specied in
subsection 2.3.1. If a threshold is passed, the grid is reinforced according to
the methodology described in subsection 2.3.2.

2.3.1 Assumed Scenarios - Worst Case Parameters
Distribution grids are traditionally planned in a deterministic manner [64].
The traditional scenario used to perform a power ow only considers max-
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imum demand, whereas the generation is assumed to be constant. Higher
penetration rate of DG leads to two worst case considerations: the heavy
load ow and the reverse power ow scenario. Generally, the considered the
worst cases are [64]:
1) Heavy load ow: Max load; no generation.
2) Reverse power ow: Min load; max generation.
For each of these extreme scenarios a pair of factors (diversity and coincidence factor) is determined to adjust the power of the loads and generators
of a grid to one of these worst cases. For loads, this factor is called coincidence factor and is dened in [64] as the average power absorbed related
to the installed power. For generators, this factor is referred to as diversity
factor by [68], and is dened as the quotient of the actual and the installed
capacity. These factors do not consider the time variability of demand and
generation. Thus, a simple probabilistic determination of these factors that
covers all possible grid states for Germany sets the scenarios closer to reality. To quantify the coincidence and the diversity factor, taking into account
the simultaneity of generation and consumption, several studies have been
conducted [7, 18, 69, 70]. The diversity factors of [7] apply for ten generators
of the same type. The same study shows that diversity factors diers, if the
correlation between the generators is taken into account. The results are
listed in Table 2.4 and Table 2.5.
Table 2.4: Diversity factors for generators connected in MV/ LV [7,18,69,70]
Wind
PV
Biomass Hydro
HLF
RLF

0 [18]

0 [7, 18, 69, 70]

0.95 [7]
1 [18]

0.85 [18, 69, 70]
0.89 [7]

0 [18]
0.6 [7]
0.98 [7]
1 [18]

1 [18]
1 [18]

Table 2.5: Coincidence factors for loads connected in LV/ MV [18, 71]
Load (LV) Load (MV) C. load (MV)
HLF
RPF

1 [18]
0.1 [18]

1 [18]
0.15 [18]

1 [71]
0.5 [71]
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Both, the coincidence and diversity factors, apply to the maximum/rated
power of the generators and loads. In case of PV the diversity factor refers to
the installed module power PST C [69, 70]. In the reverse power ow case the
factor for the load of the MV is higher, as a higher blending of the stochastic
behaviour of the loads is taken into account. Some bigger costumers/loads
(called Costumer load by the DSO LVN; hereinafter referred as C. load)
have their own secondary transformer and are connected directly to MV.
The maximum power of these loads can be assumed as 40 % of the rated
apparent power Sr,t of the secondary transformer [71].
Based on experience, these simple worst case factors cover all possible grid
states and are commonly used [18, 72, 73], as they provide a high level of
reliability without measurements in the LV [58]. However, the likelihood of
occurrence of these extreme states is not considered with this practice, and
may never occur in reality [74]. Furthermore, no time interdependencies of
the assets are considered. As a consequence, the distribution grids tend to
be over-dimensioned. Thus, new planning approaches should be taken into
account [64, 75], as they may use infrastructure more eciently [65], as well
as avoid redundant investments and minimise O&M costs [76].
There are plenty of dierent approaches to come to a more realistic assessment of the scenario factors, as for example [68, 71, 77]. To estimate the
minimum and maximum load that are aggregated for an entire LV grid and
connected to the LV side of the secondary substations, the top down approach
of [71] is based on the measured time series in the substation. Another publication concentrates on the correlation of the dierent DG from measured
time series for individual grids and estimates their coincidence factors [68].
It is also possible to synthesise time series instead of using measured data,
as for example [77], where coincidence factors are derived for BSS by using an agent-based simulation. In general, there is a wide eld of dierent
new planning approaches for dierent BSS applications. The approaches are
analysed in detail in subsection 2.4.

2.3.2 Grid Reinforcement Methodology
In this section the methodology of grid reinforcement for distribution grids,
especially for low and medium voltage grids, is described. The methodology
depicted in Figure 2.2 to Figure 2.6 applies for radial grid structures in LV
and for open ring structures in MV. Nevertheless, these methodologies are
transferable to other grid topologies and can be considered as state-of-the-art
in Germany [18]. Grid reinforcements are triggered due to are either local OV
or OL of a cable or a transformer. First, a load-ow is conducted and mea-
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sures against OL are implemented, then an additional load-ow is calculated.
If there are still OV problems in the grid, measures to solve these are applied.

Methodology for low voltage grids:

As depicted in Figure 2.2, an OV is solved by installing a parallel cable
(type see Table 2.4) from the distribution substation to the next distribution
cabinet over 2/3 of the line length. A critical OL of a line is solved by
installing a parallel line till the next distribution cabinet, starting to search
from half of the line onwards.

Over-loading

Over-voltage

MV-grid

MV-grid

G

G

G

G

G

Grid extension: parallel cable over half of the
feeder
MV-grid

G

Critical
current

G

G

Critical
voltage

G

G

G

Grid extension: parallel cable over 2/3 of the
feeder
MV-grid

G

G

Cabinet

Joint

G

G

G

Additional cable

Figure 2.2: LV grid reinforcement via a parallel line
If more than one line is aected, as shown in Figure 2.3, all aected lines are
divided at the distribution cabinet that lies closest behind one half of the line.
The lines in the second half are connected to a new secondary substation.
The rated apparent power Sr,t of the additional MV/LV transformer is the
same as the one that was formerly feeding the entire LV-grid. If there is an
OL in a transformer and its apparent power Sr,t ≤ 400 kV A, it is replaced
by the next bigger standard transformer (630 kVA). If the OL is not solved
through this measure, a parallel 630 kVA transformer is installed.

Methodology for medium voltage grids:

Similar to LV a parallel line is installed in the case of OL or OV. In case
of OV the length of the new line is 2/3rd of the length of the aected feeder,
whereas for OL the parallel line is installed between the primary substation
and the DG that causes the issue (see Figure 2.4). In both cases no secondary
substations are installed on the parallel MV line which is connected to the
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Figure 2.3: LV grid reinforcement via an additional secondary substation
bus bar of the primary substation. At the connection points an additional
breaker is installed in the aected feeder.
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Figure 2.4: MV grid reinforcement via a parallel line
If the parallel cable does not solve the issue, a new MV ring is installed
according to Figure 2.5. Through measure the critical part of the aected
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open MV ring is circumvented by splitting the ring into two uncritical open
MV rings by separating the DG that causes the problems with a parallel
MV line. The costs for the earthworks apply only once, as it is assumed that
both lines share the same trench.
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Critical current
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Additional cable
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Figure 2.5: MV grid reinforcement via an additional MV ring
If the HV/MV transformer is over-loaded it is replaced with a 40 MVA
transformer. If the OL still remains, a parallel 40 MVA transformer for the
same feeder is installed. In case all the aforementioned measures do not solve
the problems, a new primary substation is installed as depicted in Figure 2.6.
In this case, the placements of the new substation and new breakers are done
manually, in order to solve all occurring issues in the MV-grid manually.
Other studies [44, 45, 7880] suggest slightly dierent approaches and are
described briey hereafter to complete the review of dierent methodologies.
Nonetheless, the methodology of [18] is chosen for this thesis as it has been
agreed upon by the largest DSO (covering more than 50 % of the distribution
grids in Germany) and can be regarded as state-of-the-art.
[78] considers only the reverse power case as the critical scenario and take
into account LV exclusively. Therefore, only OV of U > 1.09 p.u. and OL of
> 100 % are taken into account. If this OV threshold or OL threshold is exceeded, a parallel line (4x150mm2 NAYY) is installed between the secondary
substation and the distribution cabinet closest to the critical node within the
feeder. If this alone is not sucient to solve the problems, the existing line
is replaced with a 4x240mm2 NAYY cable from the distribution cabinet to
the critical node. In case of transformer over-loadings or if the replacement
of the transformer solves voltage issues in several feeders simultaneously, the
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Figure 2.6: MV grid reinforcement via an additional primary substation
transformer is replaced.
In another study only the MV is considered [79]. In this case all threshold violations are solved by installing parallel lines. The same authors also
conducted a study only considering the LV [80]. In [80] a three step deterministic algorithm is employed. In the rst step it is checked whether the
transformer is over-loaded, and if necessary it is replaced by a transformer
with the next higher standard nominal power. In the second step, in the
case of an over-loaded line, a parallel line from the MV/LV transformer to
the closest cabinet of the over-loaded line is installed. The aim of the third
step is to prevent critical voltages by installing a parallel line to the cabinet
which is closest to the critical node, similar to step two.
[44] analyses MV and LV separately but is very close to the methodology
of [18]. The dierence in the case of MV is, that the topology is adapted by
changing the switching status so that feeders with a high penetration of DG
are shortened. It is claimed that as a rule of thumb, MV lines that are longer
than 20 km should be avoided. If the switching of lines does not solve the
issues, all lines with over-voltages are exchanged with 3x1x240mm2 cables.
This measure is performed until all critical current and voltage values are
within the allowed range. For the LV [44] adopted the measures of [18].
[45] focusses on LV grids. In this study, the allowed node voltage ranges
between 0.91 p.u and 1.09 p.u. for scenarios with OLTC transformers (0.01
p.u. is considered as measurement inaccuracy). These threshold values can
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be transferred to BSS placed at the LV-busbar of the secondary transformer,
since they behave similar, if a reactive power control is integrated in the BSS.
In case of line OL of > 100 %, a 4x300mm2 NYY cable is placed parallel to
the existing one. In the case of OV a parallel 4x300mm2 NYY cable is
installed from the secondary transformer to the distribution cabinet closest
to the critical node within the feeder, similar to [78].
According to [18, 45, 78] all new lines are supposed to be underground cables, instead of overhead lines due to the higher acceptance of the general
public. For an easier automation the reinforcement equipment is standardised but diers from case to case as shown in Table 2.6.
Table 2.6: Standard equipment for grid expansion
Equipment
LV-cable (NAYY)
MV/LV tran. (Sr,t )
MV-cable (NA2XS2Y)
HV/MV tran. (Sr,t )

dena [18]

Stetz et al. [78]

Idlbi et al. [80]

Ackermann et al. [44]

4x150 mm2
630 kVA
3x1x185 mm2
40 MVA

(3x150; 3x240) mm2
(400; 600; 800) kVA
-

4x150 mm2
(400; 600; 800; 1000) kVA
-

4x150 mm2
630 kVA
3x1x240 mm2
-

According to [13], where a statistical analysis of distributions grids in
southern Germany is conducted, the NAYY 4x240mm2 is the most commonly used cable type in LV (36 % in rural grids, 84 % in villages and 38 %
suburban grids) and is used twice as often as any other cable type.
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2.4 New Planning Methods for Integrating DG and
BSS in Distribution Grids
The aim of the reviewed studies in this section is to determine, besides other
network parameters, the optimal number, location and size of DG and BSS
units. This is achieved by optimising the total capital expenditures (CAPEX)
and operational expenditures (OPEX) including DG and BSS. Several objectives have been pursued via this optimisation of DG integration in distribution grids. Some of the most common objectives are: minimisation of
energy losses, maximisation of DG capacity or energy via sizing and allocation of DG, minimising curtailment losses, minimising costs, as well as the
minimisation of the grid reinforcement cost associated with DG [81]. The
planning process can be described as a non-linear mixed integer optimisation problem. There are several comprehensive reviews for new distribution
grid planning approaches. While [8284] describe and classify the planning
approaches from a global perspective, [81, 85, 86] concentrate on DG integration. Hereafter, the criteria and denitions as well as the three-level treestructure according to [82], which are used to classify the planning methods
used in a selection of reviewed studies that are listed in Table 2.7.
According to the rst level of the tree-structure, all methods can be divided into models with or without reliability considerations. In planning
models without reliability features the grid is operated under operational
constraints. The aims of planning optimisations are minimising the CAPEX
of substations, feeders or feeder branches (assets), minimising the costs of
capacity upgrades of the existing facilities, as well as minimising the OPEX
and the energy losses.
In the second level, the models may or may not include uncertainty considerations. In contrast to deterministic planning, uncertainty models consider
the unpredictability of future load demand and generation at the design
stage. The reliability considerations may be considered in the planning and
can be incorporated either under normal conditions or under contingency
conditions. To include the maximum network reliability under normal conditions, a reliability objective function minimising the expected outage cost
or expected annual non-delivered energy is added to the other objective functions. In order to include predened fault/ contingency conditions an objective function similar to the aforementioned reliability objective function is
employed.
The third level categorises all types of optimisation models depending on
the type of (decision) variables and objectives. There are (a) mixed-integer
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(b) discrete and (c) continuous models [82]. Commonly, integer variables in
distribution system planning problems are used for decisions on whether or
not new assets are installed or existing equipment is replaced or extended.
Discrete variables are usually used for the dimensioning of the equipment,
whereas continuous variables are generally used for voltages and power ows.
In mixed-integer models, all three types of variables can be optimised. Discrete and continuous models on the other hand are restricted to discrete and
continuous decision variables, respectively. All reviewed studies are categorised within these three models and listed in Table 2.7 including their type
of solution strategy. The dierent solution strategies are discussed in [82]
with more detail. For reasons of conciseness the various methods have been
denoted with indices, which are used in Table 2.7.
(a)

Mixed-integer models

Mixed-integer models are the most common ones. They combine binary
decision variables (1(Yes), 0(No)) with a set of continuous and discrete
variables.

• Mixed-integer linear programming (MILP)a
MILP is a two-step approach. In the rst step, an initial solution is determined by solving a linear problem, where all variables
are treated as continuous variables, usually using the simplex algorithm. In the second step, successive searches are performed to
obtain better solutions for the integer variables.
For example in [87] MILP is used to determine the achievable gross
margin in the dierent electricity markets for BSS and its resulting operation, as well as for the determination of the storage redispatch and DG curtailment measures and their respective power
ows. Whereas, [88] uses MILP to calculate the optimal size and
location of feeders and substations over the planning horizon of 10
years.
• Mixed-integer non-linear programming (MINLP)b
MINLP refers to optimisation problems with continuous and discrete variables and a non-linear objective function and/or non-linear
constraints.
In [89] a MINLP is used to decide whether to invest in DG and/or
purchase power from the main grid and invest in feeders and substations in case of future load growth. Another approach is used
by [90], where the MINLP is formulated as a TRIBE particle swarm
optimisation and ordinal optimisation with the aim of minimising
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total costs by optimal allocation of DG. Furthermore, the reactive
capabilities of dierent DG and uncertainty in load demand and
generation have been analysed. However, BSS have not been considered.

• Bender's decomposition (BD)c
In this algorithm the mixed-integer model is separated into two discrete models: the discrete 'relaxed master problem' and a quadratic
'sub-problem'. First, the master problem is solved to decide on investments in new equipment. Secondly, the quadratic sub-problem
is solved to optimise the power ow in order to minimise the operational costs.
A long-term multi-stage model has been presented by [91] and [92].
This model uses new-path and fencing constraints to reduce the
complexity of the solution space. This grid expansion planning
method minimises investment costs for growing load demand including DG, similar to [89].
• Genetic algorithm (GA)d
Inspired by natural evolution processes in genetic algorithms generations of individuals exist. Simulating the evolutions of individuals
by emulating the process of selection, mutation and recombination
of genes, the reproduction is based on tness functions preferring
the best individuals. GA can be used for dierent purposes in distribution grid planning: In [93] it is used to nd the optimal grid
topology. In [87]the GA is used for BSS allocation and calculation of grid reinforcement measures. The optimal trade-o between
traditional grid expansion and implementation and/or the energy
purchase of DG is explored in [9497].
• Particle swarm optimisation (PSO)e
PSO is another evolutionary algorithm that simulates individuals
(particles) in a swarm and their social behaviour. A vector is used to
locate every particle and its velocity in the swarm. The population
of particles searches for the optimal solutions using the individual
experience of the particles and sharing it with the others. The
swarm can also return to promising regions found before. It has
been employed to allocate DG [90, 98, 99] and/or BSS [100], or onload tap-changer [79]. PSO might also be used to calculate the
minimal reactive power output of DGs to solve OV problems [79].
• Expert system (ES)f
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Expert systems are knowledge-based systems, that try to emulate
the decisions a human would make. Besides heuristic rules a broad
data basis like GIS-Data, economic data from asset-management
databases, as well as the grid topology and measured data are combined for this purpose to create a semi-automatic grid planning
process [101].
Qualitative evaluation

Mixed-integer linear models allow a high degree of generalisation. Nevertheless, in order to optimise real grids, non-linear characteristics like cost
functions and grid characteristics have to be linearised. Consequently,
the optimal solution is not necessarily the best for the real system, due
to the simplications [102, 103].
(b)

Discrete models

In these models, discrete and binary variables (yes/ no) are used in the
objective function formulation to deal with the decision of nding locations for and sizing of grid facilities.
Qualitative evaluation

Discrete models allow the determination of the timing of reinforcement
measures for long term planning, but only discrete variables are allowed.
Generally, the same restrictions for large scale systems apply as for mixed
integer models due to high number of possibilities [82]. To the authors
knowledge discrete models are not applied for DG integration in distribution grids, as no work has been published on this topic in the public
domain.
(c)

Continuous models

In continuous models the considered variables have to be continuous and
thus the need for discrete decision variables is eliminated.

• Dynamic programming (DP)g
Dynamic programming allows to represent the ever-changing nature of the planning process. This is realised by modelling the
states of the network in nodes with certain states. These states can
change in time with every investment in grid reinforcement and are
based on the former state. In [104] this method is used to realise a
long-term planning (10 years) for the optimal sizing, allocation and
most important the timing of investment in DG based on measured
parameters (current and voltage).
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• Non-linear programming (NLP)h
NLP is a numerical method, which only accepts continuous variables. The most common application for NLP in the context of
distribution grid planning is AC optimal power ow (AC-OPF), as
used in [87] to minimise active power redispatch for all DG and
BSS. NLP is applied by [88] to determine the optimal capacities
and production of DG.
Qualitative evaluation

The biggest advantage of these models are, that no linearisation is required making it a good choice for expansion planning purposes of large
scale distribution grids. The drawbacks are, besides the large computational eort [76], that these models are badly suited for greeneld
considerations [105].
All methods might be either deterministic or consider uncertainty in the
model. The uncertainty can be considered by using a possibilisticy approach,
as it is used in models that apply a fuzzy total installation and operational
cost, or a fuzzy non-delivered energy as objective function [82]. A multiobjective optimisation based on fuzzy logic has been presented in [106], where
a Bellman-Zadeh algorithm is used to analyse a wide range of technical,
economic and environmental criteria to nd optimal allocation of DG in
distribution grids.
Another approach to handle uncertainty is called probabilisticz approach.
In this model the uncertainty is calculated by applying a probability distribution function. The power generation or the size of the DG is a common
example for a probabilistic approach.
Table 2.7: New distribution grid planning approaches with DG integration
without reliability

mixed integer
continuous
a

deterministic
[89]b , [92]c , [91]c , [88]a,b
[93]d , [101]f , [79]e , [87]a, d
[88]h , [87]h

uncertain
[107]b, z , [106]y
[108]y
[104]g, z

with reliability under
normal conditions
deterministic
[100]e , [98]e
[99]e
-

uncertain
[97]d, z [90]e, z
[94]d, z
-

with reliability under
contingency conditions
deterministic

uncertain

-

[95]d, z

[96]

d

-

MILP, b MINLP, c BD, d GA, e PSO, f ES, g DP, h NLP, y possibilistic, z probabilistic

As presented in Table 2.7, deterministic approaches without reliability considerations show the highest variety of numerical and evolutionary methods,
and are the most commonly used ones. In studies that implement reliability
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considerations, evolutionary algorithms seem to be the predominant method,
because of their advantage to optimise several criteria at the same time.
In most of the cited studies the DSO is at the same time the owner of the
DG, BSS or OLTC-transformer and can decide on the allocation and/or the
operating strategy of the equipment [89100, 104, 106, 107]. Only few works
consider that the equipment might be privately owned and operated, as is
the case in Germany [79,87,88,101,108]. In Germany, due to unbundling the
DSO is normally not the owner of the DG or BSS and therefore has only very
little or no inuence on the location. Furthermore, the volatile character of
the DG, as well as the stochastic behaviour of loads and the possible participation of DG, BSS and loads at the energy market, lead to extreme scenario
parameters. Consequently, the grid is over-dimensioned, if the conventional
planning based on worst case scenarios is applied. The over-sizing problem
remains with the presented new grid distribution planning methods as long
as extreme scenarios are used, even if the systematic approach of the new
methods eliminate the uncertainty of manual planning. The problem can be
solved by applying possibilistic or probabilistic methods. Probabilistic algorithms use probability density functions for loads and generation to quantify
the likelihood of grid states, as for example very rare loading situations and
can derive the reliability of the electrical power supply. The main drawback
is that high quality time-series of the grid participants are needed to generate the probability density functions, which are often not available in LV
grids. This applies especially for the active power ow of BSS, since their
operation strategy depends on the business case, which itself might depend
on the energy market, for instance. Furthermore, the reactive power ow
of the BSS, depends on other network participants and on the current grid
state. Consequently, to generate realistic time-series, existing interdependencies in the distribution grid as well as business case related issues have
to be considered. These time series can be used as an input for any planning optimisation method mentioned above and should be an improvement
to traditional worst case considerations.
Several studies combine grid planning with DG and take the active power
control of large scale batteries for peak shaving into account [14,98,100,109].
Nevertheless, from the studies mentioned above only [100] and [109] consider
reactive power control, even though [110] highly recommends further studies
on this issue. This is due to the fact that reactive power control from BSS
is a very easy and cost-eective way of voltage control, which is independent
from the state of charge of the battery.
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2.5 Chapter Summary, Research Gap and Thesis
Contribution
In this chapter, traditional approaches and recent advances in distribution
grid planning, alongside with alternative possibilities to traditional grid expansion with large scale battery storage systems, are described. A clear methodology for grid expansion measures in distribution grids is presented. Notably, there is a great variety of these models with their respective pros and
cons that have to be considered for the given planning task. Nevertheless, the
over-sizing problem of traditional grid planning remains, even for advanced
grid planning methods, if worst case scenarios are applied. The main issue
with most of the reviewed studies is that the DSO is at the same time the
owner of the DG and the BSS. Due to unbundling of the energy sector, this
ownership structure is not possible in Europe (and thus in Germany neither).
Only few works consider that the equipment might be privately owned and
operated and don't contribute towards easing OV or OL issues, but might
even increase the grid expansion, if they are not operated in a grid supportive way. In this thesis, an expert system is chosen as planning methodology
due to its high relevance in an unbundled energy sector, in which the DSO
can not generate prots with it and thus has (almost) no inuence on the
location, the size or the operation of the BSS. The modelled expert system
uses heuristic rules for an automatic grid planning process.
Due to the unbundling, it is mandatory to analyse the goals of the two
stakeholders of large scale BSS separately. In this thesis the assumed goal
of the BSS owner is to maximise prot, and the goal of the DSO is to reduce grid expansion costs. The innovative idea of this thesis is to combine
both goals. This is only possible if the BSS is operated in a grid supportive
way additionally to its main purpose of earning revenues. This combination
(and conict of interests) is rarely addressed in the reviewed literature, although [110] highly recommends it. Out of all reviewed studies, only [109]
considers active and reactive power control of large scale BSS. The limitation
of this study is that the application is only analysed for a special island grid
of an island of the German North Sea, which does not represent the typical
(rural) grid structure in Germany. Furthermore in [109], the reactive power
control is implemented with a central approach, which requires additional
ICT and an active participation of the DSO. This active role of the DSO is
not always pursued, as experiences with the DSO in the SmartPowerFlow
project show.
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Research Gap

In none of the reviewed studies a combination of a prot orientated market based application and an autonomous voltage control is analysed from a
techno-economic perspective. In none, a large scale BSS operation strategy
is optimised to maximise prots (for a third party operator) and the potential to reduce grid expansion costs with an autonomous voltage control is
quantied (for the DSO). This is especially true for a primary control reserve
business cases applied to a large scale VRFB with an additional autonomous
voltage control. This research gap is addressed in this thesis with three contributions:

Thesis Contribution 1

It is shown in this chapter that there is a great need for detailed and veried simulation models to generate combined active and reactive power ows
of BSS that are prot-driven and grid/ system supportive at the same time.
This gap is addressed, by creating two simulation models based on measured
values for the most protable market based business case and the business
case with the highest cost reduction potential. Both applications are combined with an autonomous reactive power control. As a result, high quality
time-series are created by detailed simulation models, which are applied to
distribution grid planning.

Thesis Contribution 2

A techno-economic assessment of both grid supportive business cases applied to a VRFB prototype and a pilot region is conducted. As a result,
the possible prots and the additional cost burdens of the grid supportive
behaviour for the two business cases are quantied.

Thesis Contribution 3

The high quality time-series for both grid supportive business cases are
applied to an alternative distribution grid methodology (expert system). As
a result, future grid expansion costs are quantied for a given DG expansion
pathway for a pilot region. Finally, the costs are compared with the costs
caused by the implementation of large scale BSS (applying the two identied grid supportive business cases) and other more common alternatives to
traditional grid expansion.
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Chapter

3

Implementation of the BSS
Prototype and Modelling of the
Pilot Region

In this chapter the implementation of the BSS prototype and the grid model
of the pilot region, for a status quo and a future PV expansion is presented.
As described in section 1.3, this work is based on the SmartPowerFlow
project of the partners SMA Solar Technology AG, Younicos AG, Lechwerke
Verteilnetze GmbH (LVN) and Reiner Lemoine Institut gGmbH. The aim is
to evaluate the application of a large scale BSS, developed particularly for
this project, as an alternative to traditional grid expansion, including a proof
of concept with a eld test.
In section section 3.1 the components of the BSS prototype are presented.
In the following section 3.2 an overview of the grid area of the distribution
grid operator LVN is given, followed by a presentation of the methodology,
which has been applied to identify a suitable pilot region within the grid
region of LVN. The eld test setting and the grid implementation of the BSS
prototype in the pilot region is shown section 3.3. The model of the pilot
region is presented in section 3.4. A comparison of the time series of a load
ow simulation, for a one year period with measured values at the HV/ MV
substation, is used to validate the grid model. A PV expansion pathway for
this pilot region based on the expansion goals of the Bavarian Government
is given in section 3.5. The chapter is concluded in section 3.6.
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3.1 Description of the Vanadium Redox Flow
Prototype Developed for the Project
SmartPowerFlow
The battery system consists of a redox ow battery and a newly developed
battery inverter from SMA Solar Technology.

3.1.1 Vanadium Redox Flow Battery (VRFB)
The battery applied in the project is a vanadium redox ow battery with the
type designation FB 200-400 delivered by Cellstrom GmbH with a nominal
power of 200 kW and a nominal capacity of 400 kWh (further specications
see data sheet appendix B.1). The word redox is a conjunct word combing a chemical reduction and oxidation. These kinds of batteries are also
called ow batteries as the active material is a liquid electrolyte in which the
vanadium is dissolved. The low energy density compared to other electrochemical storages is due to the solubility limit of the salt, making it suitable
for stationary applications. The electrolyte of VRFB consists of vanadium
ions in dierent valency states. Charging or discharging changes the valency
state. A detailed description of the chemical and physical background is
given in [111]. There are plenty of publications discussing the pros and cons
of VRFB compared to other battery technologies, as well as their possible applications [112116]. The unique feature of this technology compared to other
batteries is the independence between power and capacity, which provides
an additional degree of freedom concerning dimensioning and operation.

3.1.2 Inverter
For the BSS prototype an inverter based on the inverter type CP 630 XT of
SMA AG has been developed especially for this project (see Sunny Central
Storage 630 data sheet, appendix B.2). The inverter provides a nominal
apparent power of 630 kVA (up to 50 ◦ C). As the nominal power of the
battery is 200 kW the active power is limited to 200 kW. Unlike common PV
inverter, with a operate range of the power factor of cosϕ 0.9ind and 0.9cap ,
this prototype it is able to operate in all four quadrants. Therefore, it is
perfectly suited to provide inductive or capacitive reactive power to control
the voltage at the point of common coupling.
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3.2 Identifying the Pilot Grid for the BSS
Implementation
The methodology for an optimal allocation of large scale BSS is described in
detail in [71] and is resumed hereafter.

3.2.1 Overview of the Distribution Grid of Lechwerke
Verteilnetze GmbH
The examined grid area is more or less identical with the political border
of the administrative region of Swabia in Bavaria with a total of 6 895 km2 .
The DSO Lechwerke Verteilnetze GmbH (LVN) operates with 860 employees
the electrical grid of dierent grid owners (LEW AG, Überlandwerk Krumbach GmbH and Stadtwerke Augsburg). Furthermore, some parts of Upper
Bavaria are supplied with electricity from LVN. At the end of 2013 the grid
consisted of 1 785 km HV lines, 7 210 km MV lines and 24 996 km LV lines and
cables and around 10 500 local grid transformer stations. According to [67] a
cumulated power of 1 544 MW from RES has been connected to the LV until February 2014. This power is distributed to 204 MW from biogas power
plants, 21 MW from wind turbines, 69 MW from hydro power plants and
1 249 MW from PV power plants. In vast parts of the region the PV exceeds
the average in Germany of 54.3 kW/km2 by the factor of 3 [117]. Unlike
northern Germany with its high shares of wind power, 98 % of the RES are
connected to the MV and LV grid. This led to a massive reinforcement of the
grid, to solve OV and OL issues. Based on the higher irradiation in southern
Germany it is expected that the PV penetration will further increase [117].
The combination of these circumstances makes this grid the perfect test grid
to analyse, whether the implementation of BSS may mitigate grid reinforcement measures in the LV and MV level, and to test dierent applications for
large scale battery systems.

3.2.2 Basics of Identifying Critical Voltage Levels
MV and LV grids are coupled in a direct way, hence the last possibility to
regulate the voltage directly is via the tap changer of the HV/ MV transformer in a substation. The voltages of every node in the electrical grid
depend on the power ows in a given moment. The electrical grid has to be
planned to ensure that the voltage stays within the given limits according
to [41]. To ensure this, the DSO apply load ow simulations using worst case
scenarios, as described in section 2.2. In grids with DG it is possible that
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some feeder have a heavy load demand (power ows from substation to the
end of the feeder), while at the same time on another feeder there is a reverse
power ow (power ows towards the substation). In Figure 3.1 a simplied
distribution grid and a worst case scenario is shown to depict the situation.
In feeder 1 there is a simultaneous reverse power ow, while whereas in feeder
2 there is a heavy load demand. This leads to a voltage increase towards the
end of feeder 1 and to a decrease in feeder 2 (see Figure 3.2). Furthermore
the maximum and minimum allowed voltage limits, i.e. Vmin = 0.9 p.u. and
Vmax = 1.1 p.u., of the most critical PCC are plotted in red in Figure 3.1.
This resulting voltage dierence between Vmin and Vmax of 0.20 p.u. can
not be compensated by the tap changer of the transformer in the substation.
1.1
1.08
HV/MV transformer

G

aggregated
LV load and
generation

MV3
MV/LV tr.
LV busbar
LV1

G

Vmin=0.9 p.u..

0.98

feeder 2

0.96
0.94
0.92

LV1

LV‐busbar

MV3

MV2

MV‐busbar
G

Vmax=1.10 p.u.

Figure 3.1: Grid schematic with the
MV and LV of a simplied distribution grid in
the worst case scenario
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3.2.3 Global Parametrisation of Generators and Loads
As described in section 2.3 and subsection 3.2.2, traditional distribution grid
planning is based on power ow calculations with worst case scenarios (heavy
load and reverse power ow). To adapt a grid to these assumptions every
load and every generator of this grid has to be adapted to these two cases. To
achieve this, the grid state adaptation procedure of LVN has been automatised and extended for distribution grids with detailed LV grid information.
In a rst step, the power of the loads of households, industry and agriculture
connected to a PCC on a LV level are parametrised globally whereas the
power of the DG are adapted according to the technology. In a second step,
for every MV feeder the power of the aggregated LV loads are adjusted via
an iterative top down approach to obtain a more realistic worst case scenario
(described in the following subsection 3.2.4).
In this section the parameters to adjust the loads and the generator for step
one, as mentioned before, are discussed. The installed apparent power of the
loads and the generator are adjusted by a coincidence factor and a diversity
factor, respectively (see also section 2.3). These factors are empirical, best
practise planning assumption or based on literature values and are applied
by LVN. They are also used for this BSS allocation methodology.
In the heavy load case peak loads are assumed for industry and agriculture.
In the reverse ow case only stand-by losses are considered to calculate the
loads. According to [118] these losses are approximately 10 % of the apparent
peak load SP L of private households, leading in the case of reverse power ow
to a diversity factor of 0.1. This assumption is only valid if more than 150
households are considered. As there is no homogeneous data on standby
losses for industry and agriculture the same coincidence factor is assumed
for these loads. Some bigger costumers/loads (referred as Costumer load or
C. load) have their own secondary transformer and are connected directly to
MV. The maximum apparent power Scos of these loads can be assumed to
be 40 % of the rated apparent power Sr,t of the secondary transformer. The
variable coincidence factors for aggregated LV loads for the heavy load ow
case xHLF and for the reverse power ow case xRPF are used to calculate the
maximal aggregated apparent load Sagg .
For the reverse power ow case all DG are assumed to feed in with 90 %
of their apparent power. For PV systems a maximal output of 85 % of the
power at the maximum power point PST C can be assumed [69, 119]. As
the maximal power of PV systems in the grid data from LVN refers to the
nominal inverter power, and the inverter is usually under-dimensioned, a
diversity factor for PV systems of 0.9 is assumed. For the heavy load case
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the feed-in power of the PV system is set to 0 %, for a biomas/biogas power
plant (BM) to 80 % and for wind (wind) and hydro power plants to 50 %.
The assumed factors, listed in listed in Table 3.1 and Table 3.2, are not
as extreme as the diversity and coincidence factors of the German Energy
Agency [18] (see also Table 2.1), resulting in a more realistic extreme scenario.
Table 3.1: Diversity factors for generators connected in MV or LV
Wind PV BG/BM Hydro
HLF
0.5
0.9
0.8
0.5
RPF
0.9
0
0.9
0.9
Table 3.2: Coincidence factors for loads connected in LV and MV
Load (LV) Load (MV) Costumer load (MV)
HLF
1
xHLF
1
RPF
0.1
xRPF
0.4

3.2.4 Automatic Adaptation of Aggregated Low Voltage Loads
to Worst Case Assumptions
In this section, a method to automatically adapt aggregated LV loads to
worst case assumptions, based on the planning approach of the LVN, is presented. In the previous paragraph the parametrisation of the loads of private
households, industrial and agricultural costumers, as well as the costumers
with own transformers and a PCC in the MV, has been discussed. Nevertheless, the biggest unknown factor in the distribution grid planning remains the
coincidence factor of the aggregated LV loads. To calculate it for these loads
for each MV feeder of the distribution grid the cetris paribus assumption is
applied. In the heavy load case, all factors of Table 3.1 and Table 3.2 are
hold constant, whereas xHLF is varied till the set power at the node, where
the MV feeder is connected to the MV busbar of the HV/ MV substation,
is reached. This set point is appraised via measurement data at the substation and the threshold is set according to the investigated scenario. This is
repeated for every MV feeder of the substation until xHLF for every feeder
is determined. For the substations of LVN there is a constant measurement
of active power P, reactive power Q, current I and the voltage V of the MV
busbar in 15 min steps. The method is depicted in Figure 3.3.
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HV/MV transformer (substation)
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Figure 3.3: Schematic representation for the calculation of the coincidence
factor xHLF and xRPF for the aggregated LV loads

3.2.5 Allocation Algorithm
According to the current legal framework the DSO is obliged to implement
grid expansion measures whenever permitted tolerance limits are exceeded.
The economic aspect of these grid reinforcement measures is coupled to questions when it will take place and how high the CAPEX will be. The presented
heuristic allocation algorithm searches for locations where potential grid reinforcement costs are high and have to be realized in a short term. The
fundamental question therefore is:
At which location and distribution grid, out of several possible distribution
grids, does a BSS minimise grid expansion costs?

To answer this question the factors that lead to maximum grid expansion
expenditures have to be identied. There is a location and time dependant
component to the answer. The location is evaluated by the quantity of components that can be relieved by the BSS and by their CAPEX as well. The
time dependant component analyses if the investment has to be realised in
short or long term and if the investment can be mitigated or even prevented.
There is a increased inconvenience of discounting short term investment compared to mid or long term investment if the CAPEX are the same. At the
same time large scale BSS should relief a whole grid area and not only one
critical node. Nevertheless, OV problems have to be solved close to where
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they occur, which means in the LV part of the grid. For this reason, locations on the LV busbar of an MV/ LV transformer are analysed, in order to
control the voltage with the reactive power from the power electronics of the
BSS
As the OV issues in the analysed distribution grid of LVN are mainly
induced by PV systems, the BSS is installed in a LV grid where the voltage
is close to the upper limit of the nominal voltage Vn of 1.1 p.u. (according to
DIN EN 50160). The voltage control of the BSS can be used to decouple the
LV grid from the MV grid and use the bandwidth of Vn ±10 % (0.2 p.u.) to
increase the hosting capacity for PV systems without a grid reinforcement in
this grid area. Furthermore, LV grids in the same MV feed are also relieved
and the voltage can be manipulated with the BSS, but in a far smaller
extend as the LV grid to which the BSS is connected. Another reason to
install the BSS on the busbar and not closer to the end of a LV feeder is
that, depending on the application of the battery, OL of the LV cable may
occur when installed at the end of the line.
Since short term grid reinforcements measures should be prevented, the
grids with most critical OV issues have a high priority. The OV on a PCC
is to be considered critical if it can not be regulated by the tap changer of
the HV/ MV transformer of the substation(see also Figure 3.2 ). This is the
case if the voltage dierence between two nodes in LV of two dierent MV
feeders is higher than 0.2 p.u..
If a homogeneous installation of additional PV system is postulated, grid
reinforcement measures have to be executed to reduce the voltage on this
critical PCC. Considering the worst case scenario the feeder pair with the
highest voltage dierence has to be found. If all maximal voltage spreads
∆Vmax are summed
to one value for a local
P
P LV grid this value is referred
hereafter as ∆Vmax . The threshold value ∆Vthres is introduced to avoid
that local
P grids with a high amount of LV feeder but a LV spread achieves a
high
∆Vmax value. The more LV feeders exceed the given threshold value
∆Vthres the higher the short term CAPEX for grid expansion measures.
∆Vthres has been set in accordance with the experts of the DSO LVN to 0.15
p.u.. Therefore, ∆Vmax can be considered as an indicator for grid expansion
costs. Figure 3.4 depicts an exemplary distribution grid, with a heavy load
case on feeder A and a reverse power ow on feeder B.
In the whole distribution grid the LV loads and LV generators are connected as an aggregated generator or load directly to the LV busbar of the
distribution transformer. If the topology of the LV grid is available, LV loads
and LV generators are connected individually to a PCC . The described PCC
are marked in red in the gure. In feeder A a heavy load case is assumed.
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Figure 3.4: Schematic
representation of the calculation of the parameter
P
∆Vmax

As a result, one of the nodes in a LV grid shows a minimal voltage of 0.91
p.u.. Furthermore, on another distribution transformer an aggregated load
is connected which reduces the voltage of this node to 0.94 p.u.. To calculate
the voltage drop in the LV feeder a voltage drop of 0.04 p.u., as in [18], is
assumed. The minimal voltage of this local grid is therefore 0.9 p.u.. In this
example it is the lowest voltage in the feeder Vmin and marked with a red
frame in Figure 3.4.
On feeder B there is a reverse power ow. For every LV feeder n the
maximum voltage Vmax,n is taken into account. In the case the voltage
spread of VP
max,n and Vmin is equal or higher than ∆Vthres the spread is
summed to
∆Vmax for this local LV grid, with the following equation:

X

∆Vmax =

n
X

(Vmax,i − Vmin )

(3.1)

i=1

where i is the number of the LV feeder, in which the ∆Vmax value is
equal or higher than
P ∆Vthres . For the given example, the LV grid under
consideration has a ∆Vmax value of 0.9 p.u.. The advantage of this method
is that an indicator is dened, which allows a comparison of low voltage grids
of dierent distribution grids and therefore allows the optimal allocation of
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large scale BSS within a whole grid area with dierent distribution grids.

3.2.6 Implementation, Results and General Conclusions
The allocation search algorithm can be described as an optimization problem.
To solve it a brute force method is applied, in which all possible combinations
P
are calculated and the maximum of the sum of voltage spreads
∆Vmax for
a number of given local grids is found.
To determine the techno-economic optimal allocation for large scale batteries the method presented in this chapter has been implemented in MATLAB.
Before applying the search algorithm, the parametrisation of the distribution
grids for the worst case scenarios as described in subsection 3.2.3 and subsection 3.2.4 has to be conducted in advance. As outputPan Excel-list is created
that prioritizes the given LV grids according to the
∆Vmax in descending
order. With a standard o-the-shelf desktop PC (i5-2520M CPU @ 2.50GHz)
the calculation time takes less than 10 min.
The search algorithm has been tested with dierent distribution grids of
the distribution system operator LVN of Swabia in southern Germany. The
DSO preselected 80 local LV grids spread over eleven dierent distribution
grids with a high share of PV systems installed in the LV. The search algorithm has been applied to these potential LV grids. In total 15.461 nodes of
eleven real distribution grids of the grid area of LVN have been analysed.
P
The calculated values for
∆Vmax lie within 0 and 1.60 p.u. with one
to eight LV feeder that show critical voltages for every local LV grid. An
excerpt of the resulting Excel list is depicted in appendix B.3. This list has
been used to allocate the large scale battery prototype as described in section
3.3. By analysing the grid parameters of the ve most promising potential
battery locations three general selection criteria were deduced. Besides voltage criteria several other criteria, like installed PV power and data of the
grid topology, have been taken into account. The following three selection
criteria can be used by distribution system operators to easily preselect local
LV grids as potential battery locations in their electrical grid.

• The LV grid is located in the second half of a MV feeder with a high
share of PV systems.
• Within the LV grid the installed nominal PV power exceeds the 50 %
of the rated apparent power of the MV/ LV transformer. Furthermore
their point of common coupling is spread over half of the LV feeders.
• In another MV feeder there is at least one node with an under-voltage
in a local LV grid.
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Besides these techno-economic planning criteria other practical issues like
noise emission of the BSS, the load of the MV/ LV transformer and the
accessibility of the locations have to be considered. Because of these issues,
the location with the highest priority has not been selected for the eld test
of the BSS, but rather number 14 out of 80 (see appendix B.3).

3.3 System Description and Grid Implementation
The vanadium redox ow BSS prototype developed for the project SmartPowerFlow has been integrated end of may 2015 in the pilot grid selected by
the allocation algorithm presented in the previous section. As stated before,
the pilot grid has been selected from 80 possible locations, inter alia because
of the high PV density in this area, as can be seen in Figure 3.5, in which
the BSS is depicted along with its surroundings.

Figure 3.5: Aerial photo of the SmartPowerFlow BSS prototype.
In Figure 3.6 a simplied connection schematic of the BSS is depicted. As
can be seen, the system is connected to the power grid on the power side
and to the control room of LVN on the communication side. A SCADA
connection to the DSO's control room (realised with the communication
protocol IEC60870-5-104) is not usual and thus represents a special feature
of the project SmartPowerFlow. It serves both the monitoring of the system
and the possibility of remote control.
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inverter

LVN

control room

battery control
(SCADA)
battery system

Figure 3.6: Electrical and communication schematics of the SmartPowerFlow
battery storage system.
The inverter and vanadium redox ow battery described in section 3.1 were
combined with a SCADA system. The SCADA system, consisting of energy
and battery management system, was especially developed by Younicos AG
for the project. It was implemented on a Bachmann MPC 240 industrial
computer and represents the heart of the communication between the grid
control room, battery and inverter.
The battery system was
connected to a LV busgrid
households
MV
LV
bar, as depicted in Figure
3.7. The single line circuit diagram of the battery system is depicted together with other implementation details in apbattery storage system
pendix B.5.
Figure 3.7: Simple grid connection schematic of
the BSS
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The reason for the connection of the BSS to the MV/LV transformer station, and not to a LV feeder, is the grid supportive focus of the SmartPowerFlow project, since the thesis core objective is to maximise the hosting
capacity for renewable energy systems. Accordingly, the position of the battery was selected, such as not to stress the electrical grid additionally, but
on the contrary relieving the largest possible grid area (if possible).
However, as explained in chapter 1, the application of market driven business models is suitable for an economic operation of large batteries at the
distribution grid level and therefore the battery should respond to the current market situation in its active power output (for example reserve power
market) and not on the current grid situation. Thus, it is necessary to install
the battery in a location where the market-driven active power delivery does
not cause any additional grid expansion measures. At the distribution grid
level, these measures are triggered mainly by voltage problems, as mentioned
in chapter 1. As the active power output at the LV busbar of the MV/LVtransformer has only a minimal eect on the voltage in the local LV grid
due to the more favorable R/X ratio compared to LV lines, the decision was
made to search specically for such locations in subsection 3.2.5. Another
reason for busbar a connection was not to increase the thermal load of the
LV lines additionally by using the battery. Furthermore, the reactive power
applied by the BSS on the LV busbar, can regulate the voltage in the entire
LV grid and thus increase its hosting capacity in a similar way a MV/LV
transformer with on-load tap changer (OLTC) would do.
It has been shown in the eld test that the BSS prototype can be grid
supportive in spite of an unfavourable active power output. A proof of concept which has been conducted in the LV grid during a high irradiance day
in summer 2015, is depicted in Figure 3.8.
As shown in the graph, the BSS is discharging with its maximal (active)
power of 200 kW and thus has a behaviour like a generator. Additionally,
there is a reverse power ow from the LV-grid to the MV-grid of 300 kW due
to the high PV-system power installed in this LV grid. Nevertheless, the grid
voltage at the LV-busbar could be decreased due to a reactive power output of
500 kvar (inductive) from the battery system. This voltage reduction aects
all LV-feeder of this LV grid and relives this grid from OV issues caused by
the PV systems for instance. Thus, the BSS increases the hosting capacity
for this LV grid in spite of a maximal active power grid feed-in.
For exible storage use, three operating modes have been dened in which
the BSS can operate. These operating modes can be switched on-site and
remotely:
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V [p.u.]

Q [kvar] and P [kW]

Pinv
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Pt, LV
Qt, LV
Vt, LV

Time [h]

Figure 3.8: Demonstration of the grid supportive behaviour of the BSS prototype in spite of maximal grid feed-in (load perspective); measured
values on day 19/8/2015 Pinv is the active power and Qinv the reactive power measured at the inverter output, Pt,LV is the active
power, Qt,LV the reactive power and Vt,LV the voltage measured
at the LV busbar of the MV/ LV transformer.

• Active and reactive power are set by the DSO.
• P(f) and Q(V)-charcteristics can be set separately with up to four setpoints each (e.g. for primary control reserve).
• Schedule operation mode for active and reactive power (24 set points
for one day) (e.g. for self-consumption maximisation or trading at the
energy market).
A special feature of the battery system is that it was designed with two
separate P(f) and Q(V)-characteristics according to dierent needs. This
enables the BSS operator to optimise this operation strategy. Furthermore
the BSS is able to work autonomously, which is one of the main requisites of
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the BSS control (see also chapter 2), since neither the BSS operator nor the
DSO plan to remote-control the BSS continuously.
Both the P(f) and Q(V) characteristics can be dened by setting four pairs
of values between which linear interpolation is performed. These set points
can be 175 kW and 49.8 Hz for the P(f)-control or 400 kvar and 420 V for the
Q(V)-control for instance. Examples for the P(f) and Q(V) characteristics
are depicted in Figure 4.1 and Figure 5.10. In case of an activated P(f)opertion mode, the degrees of freedom dened by the transmission system
operators and explained in chapter 4 may be used additionally.
To monitor and control the battery system, three SENTRON PAC3200
measuring systems from Siemens AG were installed. They were installed at
the LV busbar of the MV/ LV transformer, the auxiliary power feeder and
at the PCC of the battery system (see communication scheme Figure B.7
and auxiliary power diagram Figure B.8 in the appendix). The PAC3200
provide, together with the internal measuring instruments of the Cellcube
and the inverter, the measuring data needed by the MPC 240 for a real
time monitoring and control. The MPC 240 sends the data to a server
at the Reiner Lemoine Institut in Berlin and to the control room of the
DSO. Furthermore, the MPC 240 uses the measurements to autonomously
control the battery system (via a P(f) or Q(V) characteristic for example
(see above)).
The installed measuring devices transmit current, voltage as well as active
and reactive power (per phase) from the respective measuring points to the
industrial computer. In addition, they transmit the measured grid frequency.
The internal measuring instruments of the Cellcube supply the MPC 240
with the state of charge, the electrolyte temperature as well as the DC active
input and output power of the battery. In addition, the inverter transmits
the active and reactive power values (three-phase) to the MPC 240 at its
AC connection point. The measurement resolution is at 10 seconds for all
values. An exception is grid frequency and the measured active power at
the AC connection point of the inverter. These have a second-by-second
measurement resolution. The reason for this is that the battery system
should be tested for application in the primary control power market, which
requires resolution of these values in one second steps (see chapter 5).
This chapter shows that the battery system has been designed in such a
way that it can be used in a variety of applications and can operate autonomously. The aim is to show that a autonomous grid supportive and at
the same time protable operation of the battery system is possible. Thus,
the selected system design is suitable to show and proof the thesis goals
described in chapter 2 and the more specic requisites of chapter 3.
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3.4 Grid Model of the Pilot Region
The model of the electrical grid in which the BSS is integrated is presented
and validated in this section.

3.4.1 Grid Model
The grid model consists of one MV feeder of the distribution grid in which the
VRFB is implemented. The MV feeder is connected to the HV via a 20 kV/
110 kV transformer. The slack is located on the HV side of the transformer
and its tap ratio is set to reach the voltage of 1.03 p.u. at the MV busbar
at the substation. The total length of the MV feeder is 20.2 km and 44
LV grids are connected to it. Twelve of these LV grids form a village which
is simulated in detail, whereas the other 32 LV grids are simulated in an
aggregated way. The conguration of the grid consists of dierent elements:
loads, generators, lines and transformers. These elements are distributed
along the grid on 1208 nodes.

Loads
A total of 470 loads are connected to the grid. 441 individual loads are located inside the village and 29 accumulated loads in the surrounding area.
To model the consumption behaviour, three dierent German standard load
proles [120] in one-minute time steps are employed, along with heat pump
proles [121] for four houses. The distribution of the dierent proles is as
follows: 264 loads with a H0 household prole, 38 commercial loads with a
G0 prole and 35 agricultural loads with a L0 load prole [120]. Additionally, a real heat pump prole from [121] is used in four houses. For the 29
accumulated loads a residential load prole (H0) is used. To dimension the
accumulated load a coincidence factor was deduced by analysing 17 dierent
MV feeders of eleven distribution grids within the grid area of the DSO. The
mean coincidence factor is quantied to be 17 % of the rated power of the
MV/ LV transformer apparent power, which agrees well with the coincidence
factor of 15 % assumed in [18].
To adjust the normalised load proles the measured historical yearly load
consumption from 2013 is used in the village. The maximum total yearly
consumption of the village is 3.73 GWh. A xed power factor of 0.97 (inductive) is assumed for all loads.
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Generators
The generated power in this LV grid consists of a group of dierent types of
generators. Along the MV feeder there are 30 aggregated PV systems and
119 residential PV systems with a total power of 7.7 MVA, four (small) hydro
power plants with an aggregated power of 0.51 MVA and one biogas plant of
0.35 MVA. The PV power prole is based on measured data in one-minute
time steps from 2013-2014, and from a south oriented PV system with a
nominal power of 107kWp, which is connected to a nearby village (10km).
These values were measured on a south oriented system with a nominal power
of 107 kWp. The normalised PV prole is adjusted by multiplying it with
each PV system's nominal power. In order to take into account dierent
orientations, cloud impact etc. the diversity factor for the PV systems', as
dened in [68], is set to 0.85 [69]. If several PV systems are connected to the
same PCC they were treated as one PV system with the sum of the nominal
powers of the single system.
For the hydro generator a normalised load prole was calculated with the
aid of generation proles of several hydro plants located in the South of Germany and published at the EEX Transparency Platform [122]. The biogas
plant was assumed to operate at full power for every time step, according to
measured data from a biogas plant in upper Bavaria at the period between
2012 and 2014.

Transformers
Within the village there are 12 MV/LV transformers (20kV/0.4kV), as depicted in Fig. 3.14 and listed in Table 3.3. In the surrounding area the
remaining 32 MV/LV transformers are connected to the same MV feeder.
Table 3.3: Transformer types within the village.
Rated apparent power of transformer Sr, t [kVA]
T1
1000

T2
160

T3
160

T4
250

T5
160

T6
400

T7
250

T8
160

T9
400

T10
400

T11
400

T12
250

Lines
The loads, generators and transformers are connected via 1210 lines. For the
twelve LV grids of the village (named after their MV/LV transformers T1 to
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T12), the R/X ratio varies between 2.3 (T9) and 5.9 (T7) with a mean value
of 3.5.
Table 3.4: R/X ratios of the LV grids in the village.
T1
2.6

T2
2.8

T3
3.2

T4
3.0

T5
3.5

T6
4.2

T7
5.9

T8
3.0

T9
2.3

T10
4.8

T11
2.6

T12
3.8

An overview of the three most common line types and lengths for this
distribution grid is listed in Table 3.5.
Table 3.5: Common lines types for LV and MV.
LV (only in village)
Type
Diameter [mm2 ]
Length [km]

NAYY
70
5.6

NYY
95
3.7

NAYY
150
5.7

MV
NA2X2Y
150 185 300
10.1 2.1 4.7

3.4.2 Validation of the Grid Model
To validate the simulated grid model the dierence between the measured
and the simulated active power at the slack is depicted in Figure 3.9. The
histogram shows the results of a yearly simulation in 1-min steps of the
baseline scenario. It can be seen that the simulated active powers P are
higher than the measured ones, thus showing a more extreme grid state in
the simulation. Although, the data for the simulation is based on the years
2012-2014 and the data of the substation is from 2015, the graph shows a
statistical correlation, nonetheless.

3.5 Modelling a Expansion Pathway for
Photovoltaic Systems
In order to assess a hosting capacity for the pilot grid, a spatially resolved
forecast must be made for the DG (see also chapter 7). Since PV systems
in the grid area of LVN represent by far the largest share of installed DG
capacity in recent years (see Figure 1.1) and bigger DG tend to be connected
to the MV level, the expansion pathway is limited to PV rooftop systems.
The aim of the presented methodology is to predict the size and location of
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slack is depicted in Fig. 4. This histogram shows the results of
a yearly simulation in 1-min steps of the baseline scenario. It
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are compared with each other on the discussion section. The methodology is
TM

based on [123] and depicted in Figure 3.10. For this work the methodology
was applied to the pilot grid and the village Tussenhausen. Furthermore,
only open data and open source software are used, so that the methodology
can be reproduced easily.

Identication of Suitable Building Rooftops
To accurately quantify the available rooftop area for PV installation, highresolution orthophotos from the Bavarian Land-survey Oce and Google
EarthTM images (both recorded RGB bands with 0.2 m and 0.4 m spatial
resolution respectably) are processed to identify suitable rooftop areas, roof
obstructions and shadows. First, the current status quo is analysed, cross-
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Figure 5. Total hosting capacity for every transformer and control strategy.

A raise of the whole town’s PV hosting capacity can be
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Aerial Images (.img)

Identification building rooftops
within GIS building shapefile

Building footprint
from Land-register
map (.shp)

Categorization of
building typology

Status quo: identification of
buildings with already PV
systems
Roof surface classification via
pixel-based image analysis
Quantifying suitable rooftop
area for PV installation per
building

Photovoltaic Calculator

Slope and orientation

Photovoltaic energy generation
potential

Prognosis of the most probable location of PV
system

Netzstabilität

Figure 3.10: Applied methodology to estimate spatial distributed PV potential in rural communities [123].
referencing the les from the Bavarian register of PV systems [124] and the
Land-register map. The Bavarian Register of PV systems oers free access throughout its web page. These buildings were then excluded from the
dataset in order to avoid assigning them as potential buildings in the future.
Building rooftops were isolated cropping the images with building footprints
from the Land-register map. Directly integrating the building footprint shape
le limits the subsequent pixel-based image analysis within the rooftop surface and thus excludes data from outside the building rooftop. An example
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(a)

(b)

Figure 3.11: Original orthophoto clipped by the building footprint (a)
and (b) classied output after supervised image classication [black=shadow, red=non suitable, green=suitable,
pink=obstruction].
of an original orthophoto clipped by the building footprint cross-referenced
is depicted in Figure 3.11(a).

Calculation of Suitable Rooftop Area
To identify the suitable areas per rooftop, a supervised image classication
is conducted on the subset image of the building rooftops. The purpose
is to identify four zones: (1) shadows, (2) obstructions, (3) suitable areas,
(4) non-suitable areas. The expansion of semi-automatic image classication
from QGIS was used to perform this step, seeking to build a methodology
based on accessible data and open-source software. The output of the image
classication analysis, shown in Figure 3.11(b), is converted to vector data
and the potential suitable area is assigned to each building. The rooftop
orientation and average slope are spatially joined to each rooftop.

PV Energy Calculation and Prognosis Expansion Pathway
The yearly yield of every PV system is calculated with the open source
python tool pvlib-python [125] using size, orientation, tilt and type of every
PV system as well as weather data. The weather data used are extracted from
the CoastDat2 dataset of the Helmholtz-Zentrum Geesthacht [126]. Every
PV system is ranked according to its specic annual yield (ratio of annual
energy production to installed power in kWh/kWp ). The PV system with
the highest yield is ranked best and will be installed rst and so on. In the
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next step, based on the aims of the Bavarian Government every PV system is
assigned a year of grid connection. The aim of the government is to increase
the share of electricity from PV systems from 9.1 % in 2012 to 22-25 % in
2025 [127]. Thus, the installed PV capacity has to be increased by the factor
of 2.5. This means that for Tussenhausen the installed PV capacity has to be
increased from 2134 kWp to 4579 kWp . A linear expansion is assumed until
all additional systems are installed until 2040.

Results
In 2012 2.1 MWp were installed (status quo marked in blue in Figure 3.12(a)).
The classication of the orthophotos of the Bavarian Surveying Administration and Google EarthTM showed that about 80 % of the remaining buildings
are suitable for the installation of a PV system with roof areas with more
than 6 m2 respectively. Of the roof areas of suitable buildings, about 40 %
are suitable for PV systems. These surfaces are shown in Figure 3.12(a).
The total technical PV potential of the village is calculated to 7.6 MWp ,
with system sizes between 1 kWp and 130 kWp . In Figure 3.12(b) the specic yield potentials of the buildings which determine the expansion ranking
are shown. According to the ranking between 2012 and 2025 PV systems
will be installed on 203 buildings (see Figure 3.13). In 2025 a total of 4.6
MWp of PV systems will be integrated. A linear expansion is assumed until all additional systems are installed on the remaining 208 buildings until
2040, reaching the full PV potential of Tussenhausen of 7.6 MWp (marked
in orange Figure 3.14).
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Figure 3.12: Suitable rooftop areas for PV systems (a) and specic yield of
these PV systems (b).
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Figure 3.13: PV-expansion pathway from 2013 till 2025.

Figure 3.14: Buildings in the village highlighted according to the MV/ LV
transformers (LV-grids) and expansion pathway of PV systems
until 2040.
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3.6 Chapter Summary
In this chapter the foundations are laid for a comprehensive and coherent
approach to investigate the research objectives of this thesis.
First, the components of the BSS prototype are presented. Furthermore,
an allocation search algorithm to nd a BSS allocation within the DSO grid
area is developed and applied. The aim is to nd a search criteria, which
allows to nd a location on which the BSS prevents the highest grid expansion
costs for a given grid area. Besides fullling this aim, the presented criteria
allows also a comparison of locations of dierent distribution grids and is
applied to create a ranking list of given possible allocations. This list is used
to nd the pilot grid in which the BSS prototype is installed. Furthermore,
three selection criteria are identied to preselect potential BSS locations.
The implementation of the BSS in the pilot region is followed by a proof
of concept. The latter reveals that the BSS is able to operate autonomously
and is able to reduce the voltage at the PCC in spite of an unfavourable
active power ow. This is due to the location of the BSS and its ability to
operate with separate active and reactive power control strategies. Thus, the
active power can be used to generate prot and the reactive power to exhibit
a grid supportive behaviour and increase the hosting capacity of the LV grid
to which the BSS is connected.
In order to conduct steady-state load ow calculations of the pilot region,
the pilot grid is modelled. A load ow simulation of the grid model for
one year is conducted and compared with measured values of the same grid.
Through this, the status quo of pilot grid model could also be validated
successfully.
Finally, a PV expansion pathway, in accordance with the expansion goals of
the Bavarian Government is modelled and presented. This expansion is used,
inter alia, to asses the grid supportive behaviour by calculating the additional
hosting capacity and future grid expansion costs that can be reached with
the implementation of large scale BSS and other exibility options.
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Chapter

4

Economic Analysis of Large Scale
Battery Applications in Germany

Possible single and combined BSS applications are analysed in this chapter.
The aim is to identify and select the two most protable applications. Thus,
in depth technical and economical assessments of both business opportunities
are performed in chapter 5 and chapter 6 by applying them to the SPF prototype. The impact on the distribution grid planning by the two applications
is analysed in chapter 7.
In section 4.1 large scale BSS applications along the electricity value chain
in Germany are analysed. After a short description of each application, the
section is concluded with a benet estimation. The two most promising
applications for large scale BSS are identied and analysed further in section
4.2 and section 4.3.
The application with the highest revenue potential (PCR) for market based
applications is assessed in section 4.2, since. The legal framework and the
technical restrictions for the PCR applications are presented and discussed in
detail. They determine the operation strategy, as well as the size of the BSS.
Finally, the PCR application is compared with other single and combined
BSS applications in order to select the most protable one.
The application with the highest cost reduction potential (maximisation
of self-consumption) is assessed primarily in section 4.3. The actual legal
framework of applying large scale BSS to this business case is discussed in
detail. Further, the dierent charges, levies and taxes that occur for dierent
scenarios are presented.
Finally, the chapter is concluded in section 4.4.
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4.1 Analysis of Potential Revenue Streams for
Large Scale BSS Applications
In broad terms, there are two ways to gain monetary benets along the electricity value chain with existing BSS applications in the German electricity
market: rst, revenues received by the storage owner or operator and second,
cost reduction or avoidance by the storage owner or operator [128]. Generally,
revenues can be achieved through existing markets and bilateral contracts.
Cost reduction or avoidance on the other hand is highly based on individual
use cases. Some important application analyses have been summarised for
the German electricity market in [129132] and are shortly presented in the
next sections together with their potential benet estimations:
(a) Market revenues
(i) Power exchange markets:

As electricity is a homogeneous commodity and the majority of the power
supply must be consumed at the time of production, electricity prices
show a high volatility. In addition, the short-term demand is not very
price elastic [133]. These circumstances allow inter-temporal arbitrage
transactions at the EPEX-Spot (day-ahead and intraday market). Arbitrage contains purchases of electricity in times of low energy prices
(o-peak prices) and sales of electricity when prices are comparatively
high (peak prices) [134]. The attractiveness of the application depends
on price spreads and the frequency of price spreads in these markets.
On the day-ahead market, 24 hour single contracts and diverse block
contracts are traded for the next day via a daily static auction. The intraday market starts shortly after the day-ahead market (trades for the
following day start at 3 pm and end 30 minutes before the actual physical delivery of the respective contract) and is organised by continuous
trading.
(ii) Control reserve markets:

A stable operation of the power supply system at a system frequency
of 50 Hz requires that the system balance of feed-in, o-take and losses
are balanced at any time or that it will be balanced in case of any deviations in a short period of time [135]. An increase or decrease in net
output of BSS can ensure a real-time system balance [136]. Since 2001,
the German TSOs procure their needs for dierent control reserves (primary, secondary and tertiary control reserve) on an open, transparent
and non-discriminatory market. The main dierences between the three
control reserve forms are the tender time and period, the product time-
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slice, the award criteria and the remuneration. In addition, positive and
negative SCR and TCR are separately marketed, whereas in the case of
PCR the power increase and decrease must be ensured by a single oer,
but the forms of control reserve can be provided by various technical
units (also known as pooling).
(b) Revenues based on bilateral contracts
(i) Voltage support:

In order to maintain stable network operation, the voltage level must be
kept in certain ranges. The static voltage support can, among others be
achieved by a local oset of reactive power [137]. BSS with an inverter
and a corresponding power electronic can principally provide reactive
power [138]. A compensation of reactive power is exclusively paid on
the high and extra high voltage level by the respective TSO. On the
distribution level the requirements are part of the FNN-guidelines but
there is no monetary compensation [34].
(ii) System restoration:

BSS can be used to energise transmission and distribution lines and have
the ability to synchronise sub-systems as well as back-up other black start
units [131]. In Germany, each of the four TSOs in cooperation with
the DSOs are obliged to have a sucient capacity of black start units
plus a concept for the restoration of supply in their control area. The
black start capability is not explicitly dened in the Transmission Code.
The requirements for the type, scope and remuneration are negotiated
bilaterally.
(iii) Redispatch:

In many areas in Germany, transmission capacities are not keeping pace
with the changing feed-in and o-take infrastructure. In order to ensure
security of supply, TSOs with the help of DSOs take redispatch measures,
adjusting feed-in from particular generating and storage facilities [139].
A transparent market for redispatch does not exist. The selection of
generators for redispatching is based on their location in the network,
their generation form and their size, which determines either the costbased (where the adequacy of costs is regulated) or market-based (based
on individual bids submitted by the generators) redispatch [140].
(c) Cost reduction or avoidance
(i) Uninterrupted power supply (UPS):

Large and long power interruptions (> 3 minutes) arise relatively arbitrarily in Germany. However, voltage dips (< 1 minute) as well as short
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interruptions (< 3 minutes) occur 10 to 100 times per year [140]. Therefore, depending on the specic outage times and individual power quality
needs (e.g. voltage, frequency, harmonics), a UPS system can consist of
a BSS in combination with a generation unit like a diesel or gas generator or of a battery only [132].
(ii) Balancing group management (BGM):

With the liberalisation of electricity markets in Europe and Germany,
the balancing group system was established. Accordingly, each producer
or consumer must belong to a balance group and all balance groups must
be levelled at a quarter-hourly basis. The German TSOs are liable for
determining and settling the amounts of balancing energy in their control area, using a common symmetric imbalance price for each 15-minute
time period (German: regelzonenübergreifender einheitlicher Bilanzausgleichsenergiepreis, reBAP) [141]. Consequently, a BSS can optimise the
individual energy balancing costs.
(iii) Energy cost management (ECM):

The benet area is similar to arbitrage at power exchange markets. In
this case not wholesale prices but individual end-user taris are relevant.
The BSS can avoid high price energy purchases during peak demand
hours for residential and commercial/industrial users [142]. Since 2010,
according to section 40(5) EnWG energy suppliers are obliged to oer
load-variable and daytime dependent taris. The tari-structure and
-spreads depend mainly on the respective supplier and individual electrical demand amounts (e.g. industrial, residential).
(iv) Reactive power management (RPM):

Producers and network operators need to transfer the apparent power
according to the active and reactive power demand of the end user. Common supply contracts in the industry allow that 50 % of the active energy
can be obtained free of charge as reactive energy, which corresponds to
a cosϕ of 0.89 [143]. In case of a higher demand for reactive power an
additional fee must be paid, which is subject to individual negotiations.
This inductive reactive power demand can be covered amongst others by
a BSS.
(v) Demand management:

As standard load proles are applied in the customer segment and only
annual energy consumptions are measured, no taris with power limits or
incentives are available at the moment. This can potentially change with
the roll out of smart meters. However, industrial consumers typically
have two price components: expenses of the peak power demand and
expenses for the consumed energy [129]. Usually, demand management
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is done by the retraction of running processes. Therefore, a load-shift
via BSS may have (alongside with economic aspects) production-related
benets.
(vi) Renewable energy self-consumption (RESC):

End-consumers with generation capacity (e.g. photovoltaics) can increase the amount of self-consumed energy by adding BSS. With the
increasing dierence between cost of generation and purchase price BSS
become more and more attractive to end-consumers. For instance, PVgeneration costs and feed-in taris have dropped well below purchase
prices from the grid, whereas purchase prices have increased continuously [129]. It is noteworthy that due to the EEG amendment from 2014,
newly installed systems over 10 kW or 10.000 kWh/a are surcharged for
own consumption. Overall, the attractiveness of RE self-supply depend
highly on electricity fee regulations.
(vi) Grid expansion relief:

Due to the growing energy demand, decoupled supply and demand regions, as well the uctuating nature of most renewable energy generation,
further investment in new lines, transformers and substations may become necessary [144]. According to the usual load characteristics, the
available transmission capacity limits only the maximum transmittable
power, but not the energy [145]. BSS can help defer or avoid grid expansions by storing energy. Nevertheless, BSS in general are more cost
intensive and the current incentive regulation (ARgeV) does not consider
alternative and perhaps more expansive infrastructure investments.
According to a German market analysis based on data from 2013 the
benets can be grouped in accordance to their market potential (see Table 4.1). The market potential consists of three core aspects: conceivable
revenue, applicability for BSS and a favourable legal framework. Only a
low potential for BSS benets lies in grid expansion relief, voltage support
and system restoration; redispatch, demand management and reactive power
management hold a medium benet potential. A high market potential is
given by energy trading at the day-ahead and intra-day market, frequency
support, un-interruptible power supply, balancing group management, energy cost management and renewable energy self-consumption. The highest
revenue potential for the market based applications lies in the primary control reserve market whereas the highest cost reduction potential can be seen
in maximising the self-consumption using renewable energies, especially for
households. The same market analysis was updated showing very similar
results for the year 2015 [146]. Therefore, many BSS projects, especially in
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Germany, but also world-wide focus on these two applications [147]. An upto-date world-wide database on energy storage systems and their applications
is maintained by the US Department of Energy [148], which conrms that
these two applications are the most common. Ergo, the focus of this work lies
on BSS applications primary frequency control (chapter 5) and the maximisation of self-consumption (chapter 6). Both applications are also assessed
in this chapter preliminarily: PCR at subsection 4.2.1 and self-consumption
at section 4.3. Furthermore, the market based PCR application is compared
with other marked based applications with combined complementary business models in subsection 4.2.3.
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Cost reduction

Bilateral
contracts

Market based
revenues

0.60 -8.70 EUR/Mvarh [151153]
6.85 EUR/MWh [154]
9.72-47.54 EUR/MWh [155]
12.72 -27.72 EUR/MW/h [156]
0.01-43.05 EUR/MWh [17]
0.01-9.39 EUR/MWh [17]
9.00-98.00 EUR/MWh
[157160]
10.7 EUR/MWh [149]

voltage support
system restoration

redispatch

UPS
BGM: reBAP (pos.)
BGM: reBAP (neg.)

ECM (households)

ECM (industry)

grid expansion relief

RE SC (ind.)

RE SC (hh)

demand management
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0.10-0.20 EUR/MWh
[18, 167, 168]

13.00 EUR/Mvarh [143]
15.00 EUR/MWh
[152, 161163]
85.00-191.00 EUR/MWh
[164, 165]
0.00-50.00 EUR/MWh
[164, 166]

0.00-51.29 EUR/MWh [149]
0.00-69.10 EUR/MWh [149]
17.60-20.01 EUR/MWh [150]
7.87-11.91 EUR/MWh [150]
11.83-53.17 EUR/MWh [150]
0.95-1.58 EUR/MWh [150]
5.72-8.63 EUR/MWh [150]

day ahead market
intra-day market
PCR
SCR(pos.)
SCR (neg.)
TCR (pos.)
TCR (neg.)

RPM

Benet potential

Application

based on capacitor bank prices by [143]
based on TSOs power prices on the high
voltage level <2,500 h/a
residential PV-system costs [164] and
av. electricity costs for households [165]
Based on LCOE of large scale PV [164]
and el. price for large consumers [166]
grid expansion costs: costs based on the
Bundesländerszenario [18]; grid asset
lifespan 40 years; consumption in the
distribution network 300 TWh

high uncertainty, based on US-data
max.= average volume-weighted
reBAP prices; potential ascending
exemplary cost analysis of the big four
(E.on, RWE, Vattenfall and EnBW);
dierence between high and low taris
based on day-ahead market data:
average price block-contracts, peakload
(hours: 09-20) and opeak (hours: 21-08)

based on available TSOs-price sheets
high uncertainty, based on US-data
based on marginal cost of conventional
power plants (= cost-based redispatch)
min.= marginal costs nuclear;
max.= marginal costs natural gas

min.= average power price;
max.= average marginal power price;
potential for SCR and TCR higher
because energy price not included

based on mean hourly rates

Notes

Table 4.1: Potential benet estimations for the German electricity market in 2013
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4.2 Review and Assessment of Market
Opportunities for Large Scale BSS
4.2.1 Primary Control Reserve with Large Scale BSS
Due to the fact that there is only very limited possibility of storing electric
energy in the electrical system at present, a constant equilibrium between
active power generation and consumption must be maintained. An indicator
for the deviation from this balance is the system frequency, since it is a
measure for the rotational speed of the synchronised generators. An increase
in the total load will decrease the speed of the generators and hence lower
the system frequency. A decrease in the demand on the other hand leads to
an increase of the system frequency. [169]
Since frequency deviations can not only damage electronic devices connected to the grid, but also endanger the stability of the whole electrical network, the German transmission system operators (TSO) are legally obliged
to maintain the system frequency within the strict limits of 50 Hz ±1 % (see
also chapter 2) [38, 41]. In order to achieve this goal, a certain level of active
power reserve is required to re-establish the equilibrium between demand and
generation in case of unbalances (this can be unbalances between instantaneous power consumption and generation, but also major power disturbances
in the grid) [169].
The Operational Handbook of the European Network of Transmission
System Operators for Electricity (ENTSOE), which sets general rules and
technical recommendations regarding reserve power levels and their associated control performance, denes three dierent reserve levels: primary, secondary and tertiary control reserve [170,171]. According to the Grid Code of
the German TSOs these reserve levels are also valid in Germany [170]. The
primary control reserve is automatically activated within a few seconds after
detecting a frequency deviation according to the curve depicted in (Figure
4.1). It has the aim to balance the consumed and generated power in the
system so that the system frequency stabilises.
The main goals of the secondary control reserve are to restore the rated
frequency of the system, to release primary reserves and to restore active
power interchanges between control areas to their set points. The tertiary
control reserve aims to replace the secondary reserve, manage eventual congestions and bring back the frequency to its rated value if secondary reserves
are not sucient. [16]
In Figure 4.2 the interaction as well as the starting and deployment times
for the three reserve levels according to the guidelines of the German Grid
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Frequency [Hz]
50,20

Load

50,01

Dead-band

50,00
49,99

Unload

49,80
-100

0

+100

Offered power [%]

Figure 4.1: Relation between frequency deviation and provided primary control reserve
Code is shown [16].
Power

PCR

0

30 s

SCR

15 min

TCR

In TSO‘s decision

> 60 min

Time

Figure 4.2: Starting and deployment times of primary (PCR), secondary
(SCR) and tertiary control reserve (TCR)
In Germany, large scale BSS are almost exclusively used to provide PCR.
There are several technical as well as economical reasons for this. From a
technical point of view batteries perfectly suit the operational requirements
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for providing PCR since they are able to deliver the requested power very
accurately within a time frame of less than one second with a very high reliability [172, 173]. Although large scale batteries usually have a very limited
storage capacity compared to other storage technologies such as pump storage systems [137], this storage capacity is fully sucient (when made sure
that the state of charge of the battery is kept at an optimal level during
operation (see below)) to bypass the time until primary control reserve is
relieved by secondary control reserve (see Figure 4.2) [174]. The need for
a relatively low storage capacity of course also has the benet of reducing
investment costs and hence has a positive eect on the protability of the
BSS.
From a nancial point of view, however, there are further points that make
the provision of PCR the most attractive business case for large scale batteries at present [52]. As shown in section 4.1, the main reason for this is,
that under the actual economical and legal framework, the weekly income
is the highest when compared to other business cases. Because of this, it is
foreseen that already existing PCR battery projects will turn out as being
protable in the near future [52, 174]. Another argument making the provision of PCR with large scale BSS very attractive from an investor's point of
view is the already existing PCR market with its clear rules. This on the
one hand reduces the risk for future income uncertainties and on the other
hand lowers marketing expenses.
The mentioned technical as well as economic reasons for providing PCR
with large scale batteries have led to an increase of existing as well as planned
primary frequency control battery projects in Germany over the last years.
A chronological overview of recent large scale BSS projects for primary frequency control in Germany are listed in Table 4.2. The probably rst battery
providing PCR within the European grid was a NAS battery. This battery
was integrated into the German network in the year 2012 by the Younicos
AG. As can be noticed, since then the installed power of the battery systems
has been steadily increasing. Furthermore, it can be derived from Table
4.2 that almost all projects apply Li-Ion technology. One of the main reasons for this are the rapidly falling costs for Li-Ion batteries over the last
years [174, 175]. Besides this, Li-Ion batteries have also one of the highest
round-trip eciencies in comparison to other battery technologies, a very
high energy density, high lifetime expectancy as well as a very favourable
power to energy ratio for providing PCR [176, 177]. This means that a
high installed power does not lead to an unnecessarily high storage capacity.
Nonetheless, ow batteries in primary reserve applications have also been
discussed in literature [178]. It is also claimed that short response times as
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well as the ability of some systems of being overloaded give BSS an advantage
over conventional facilities [178]. As more and more private companies plan
PFC projects without federal funding one can deduce that this business case
seems promising from their point of view and is technically mature. Still,
the pre-qualication that allows the facility to operate at the PFC market is
the bottle neck at the moment, as most of the commissioned projects did not
pass the pre-qualication yet. Another trend is the increase of the system
size of large scale BSS as it can be seen for the most recent systems under
construction in 2016 and 2017 (see Table 4.2).
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Project name

NaSB/LIB 1,000/ 200

BSS
type

10,000

PbB/LIB 5,000

LIB

2,000/ 325

5,000

Rated power
Pr [kW]

0:40

1:00/ 3:50

1:00

1:00

6:00/ 1:00

1:00

Duration at Pr
[HH:MM]

Q3 2016
mid 2016

11/07/2014 //
15/09/2014
10/2014

21/09/2015

mid 2016

01/12/2012

16/09/2014

Commissioning
date

N/A

federal/
private
private
private

federal/
private
federal/
private
federal/
private

N/A

no
no

yes

no

no

no

yes

yes

N/A

10
10+x

15

15

10+x

2

20

20

Funding PreLifetime
source
qualied [a]

Table 4.2: Overview of recent large scale BSS projects for primary frequency control in Germany, based on [148]
and contact with the BSS owners

WEMAG Younicos Battery Park

1,300

1:00
1:00

15/12/2015

1.3 MW Battery in Alt Daber

Younicos and Vattenfall Project:
Sodium Sulfur / Lithium Ion
M5BAT
(Modular
MultiMegawatt
Multi-Technology
Medium-Voltage Battery Storage)
Feldheim Regional Regulating
Power Station (RRKW)
Bosch Braderup ES Facility

a

LIB

2,000
13,000

N/A

N/A
N/A

federal/
private
private

LIB/
VRFB
advanced
PbB
LIB
LIB

3,000

yes
no

LIB

federal
private

1,000
6 x 15,000

0:42
1:30

LIB
LIB

1

2:00

no

200

federal

VRFB

01/02/2014
mid 2016 to
early 2017
02/09/2015

Bosch Second Life Batteries
REDMONDIS Electrorecycling
Plant
3 MW Battery Storage - Dörverden, Germany - Statkraft
LESSY
90 MW Energy Storage - STEAG
GmbH
SmartPowerFlow

a First stand alone battery in Europe, according to [179]
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Whether the number of grid connected large scale battery systems will
continue to rise in the future depends to a great extent on the price decline for BSS and the future development of the remuneration for primary
control reserve. Since the demand for batteries has steadily been increasing
over the past years, battery costs are generally expected to fall in the future [173, 180182]. The future development of the remuneration for PCR,
however, is relatively unclear since it depends on many factors that are barely
predictable. These are for example the number of players in the PCR market
and the future demand for primary reserves. In [183] and [184] it is estimated
that the future demand for primary reserves will rise due to an expected increase of the share of uctuating renewable energy sources along with their
low predictability of electricity production. In [52] and [185] on the other
hand it is estimated that the demand for primary reserves will stay more or
less constant in the future. This is explained by the fact that the demand
for PCR in Europe is actually determined on the basis of the simultaneous
loss of the two largest power plants within the European grid, which is not
expected to change signicantly in the future. A comprehensive work studies
the rise of variable renewable energies and the reserve market interacted in
Germany in the past years [141]. Possible reasons for the reduction of the
balancing reserves and costs and the simultaneous increase of installed wind
and solar power are given in [141]. One of the major ndings is that the
wind and solar power forecast errors might not be the most prominent driver
for the balancing reserve requirement, but that other factors like the design
of the control market might be more important. Due to all these uncertainties, the prediction of the price development for PCR is hardly possible and
expert opinions strongly dier in this point [141, 173, 185].
Another important factor that can have a big inuence on the development
of the number of large scale batteries in the German grid are future adjustments of the participation conditions for the PCR market. On their basis it
is not only decided who is able to enter the market and who is not, but they
also set the operational framework for PCR providers. On the other hand,
this can have a big inuence on the economics of PCR projects. For example, if the required storage capacity of PCR batteries has to be increased, as
it is currently discussed [173, 186], it would have a negative impact on the
economics of those projects.
The guidelines for entering the PCR market are dened by the TSOs, since
they are legally obliged to ensure that all technical standards for operating
the electrical network are safely fullled [38]. The actual key parameters for
the provision of PCR are summarised in Table 4.3. Furthermore, according
to the German Grid Code all prospective providers of PCR have to com-
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plete a pre-qualication procedure to demonstrate their ability to meet the
requirements in this respect [16].
Table 4.3: Key parameters for the provision of primary control reserve [16,
187, 188]
Max. frequency response insensitivity
Full activation frequency deviation
Full activation time
Tendering period
Min. bid size
Time availability

±10
±200
30
1
±1
100

mHz
mHz
s
week
MW
%

As can be seen in Table 4.3, the primary control reserve has to be provided
for a tendering period of one week with an availability of 100 %. For battery
storages this would mean that they would have to be dimensioned for the case
that the full oered power is requested continuously during a whole week.
The dimensioning for this unrealistic worst case scenario, however, would
make all battery projects uneconomical. Because of this, the German TSOs
have dened degrees of freedom, which give battery operators the chance
to readjust the SOC of the storage system during operation [189]. As a
consequence, the required storage capacity is reduced, since the SOC can be
kept at a level, where it is ensured that the battery is able to provide the
requested balancing power until primary control reserve is relieved by the
secondary control reserve (see Figure 4.2). For this case a power to energy
ratio of one (e.g. 1 MWh / MW) is fully sucient [174, 175].
According to [172] and [175] the optimal SOC for batteries providing primary control reserve lies around 50 %. The reason for this is that the network
frequency generally uctuates approximately normally distributed around
the nominal value of 50 Hz [129]. Therefore, approximately the same amount
of balancing power has to be provided in positive (unload) as well as negative
(load) direction. Due to the losses of the storage system, however, the SOC
tends to fall in the long run. Hence, it is advisable to keep the SOC slightly
above fty percent [172]. The TSOs in total dened six degrees of freedom
for SOC adjustments. They can be found in [189]. The main dierence between them is that some generate extra costs for the battery operator and
some do not. Those degrees of freedom that do not generate costs can be
applied as often as required. Those that do generate costs on the other hand
should be applied as seldom as possible. In this case the decision whether
to use the degree of freedom or not becomes more complex and should be
determined on the basis of a cost benet calculation. All six degrees of free-
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dom listed in [189] are briey described hereafter (italic letters): As can be
seen in Figure 4.3 the optional overfulllment gives the battery operator the
chance to provide 20 % more balancing power than required, if it is useful
for an adjustment of the SOC.
Frequency [Hz]
Maximum power
Minimum power

50,20

50,01
50,00
49,99

49,80

-120 -100

0

+100 +120

Offered power [%]

Figure 4.3: Degree of freedom optional overfulllment
The degree of freedom dead-band makes it possible to readjust the battery
SOC by using the dead-band (Figure 4.4). One condition for the application
of this degree of freedom is that the behaviour of the battery must always
support the stability of the electrical network, meaning that, for example
the battery is not allowed to charge when positive primary control reserve
(unload) is required.
One degree of freedom that has to be remunerated when applied is the
option to charge or discharge the battery with schedule transactions. In this
case the SOC can be optimised by purchasing or selling energy at the energy
market (stock market or over the counter transactions). Of course, when
using this degree of freedom the battery operator has to make sure that
the sum of battery output and purchased / sold energy corresponds exactly
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Frequency [Hz]
50,20

Permitted loading in the dead-band

50,01

50,00

Permitted unloading in the dead-band

49,99

49,80
-100

0

+100

Offered power [%]

Figure 4.4: Degree of freedom dead-band
to the requested value by the TSO at any point in time. An exemplary
behaviour of the battery during a schedule transaction is shown in Figure
4.5 and Figure 4.6. In this case the SOC of the battery is in its lower half
at 8:00 o'clock. Since the battery has to keep continuously unloading due
to low grid frequencies, a schedule transaction is carried out between 9:00
and 9:15 o'clock. As can be noticed, this prevents the SOC from reaching
a critical value, since the battery is loaded instead of unloaded in this time
window (see Fig. 4.6).
Similarly to the just described degree of freedom it is possible to load or
unload the battery with another technical unit. One condition for doing this is
that all entities involved in the re- or discharging process must belong to the
same balancing group. Furthermore, an optimal interaction of the involved
units has to be demonstrated in advance.
Another degree of freedom for batteries consists in the relocation of the
dead-band when grid-time corrections are planned. When required the PCR
provider is informed one day in advanced about the target frequency for the
upcoming day by the TSO. In this way the PCR provider is able to prepare
the dead-band shifting for the time period of the grid-time correction.
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Power [%]
Power delivery of the battery
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0

Schedule transaction
-100
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Figure 4.5: Degree of freedom schedule transactions
SOC [%]
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Schedule transaction

Critical SOC
8:00

8:15
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8:45

9:00

9:15

9:30

9:45

Time [h]

Figure 4.6: Schematic SOC prole for schedule transactions.
According to [169], the maximum deployment time for PCR increases linearly with the requested primary control power. Starting from a value of
zero the maximum oered power by a PCR provider must be fully activated
after 30 seconds at the latest. However, BSS that are able to provide the
requested power much faster are allowed to use this characteristic as a degree
of freedom. This means that battery operators are allowed to use the whole
permissible operating range depicted in Figure 4.7 to readjust the SOC of
their storages.
Additionally to the above-discussed document Eckpunkte und Freiheitsgrade bei Erbringung von Primärregelleistung (eng. key features and de-
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±100

±50

0
t1 t1+30s

t2 t2+30s

Time [s]

Permissible operating range
Minimum requirement

Figure 4.7: Degree of freedom permissible operating range
grees of freedom for the provision of primary control reserve) [189], which
was published by the TSOs on 03.04.2014, the document Anforderungen
an die Speicherkapazität bei Batterien für die Primärregelleistung  (eng.
storage capacity requirements for batteries for primary control power) has
been published on 29.09.2015 [190]. [190] includes the requirement for standalone batteries to consistently maintain capacity for 30 minutes of full prequalied/ oered power. From this, depending on the ratio of the usable
capacity of the storage to the pre-qualied power, a symmetrical charge level
range is mathematically derived as permissible (see operating range Figure
4.8).
Since a constant SOC of 50 % is unrealistic during operation, the ratio of
usable capacity to pre-qualied power is necessarily greater than one. Thus,
with increasing capacity, the permissible operation range area increases, but
so does the investment cost, without increasing the marketable/ pre-qualied
power (see Figure 4.8). The usable capacity is determined by the TSOs as
part of the pre-qualication procedure by discharging the battery from the
highest possible charge level until the pre-qualied power can no longer be
provided (for the SPF prototype in section 5.4.1).
However, it is currently argued that the same conditions of entry into the
PRL market must apply to all participants and therefore, as therefore the less
strict 15 minute criteria, as dened in [191] and depicted in Figure 4.8, might
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State of charge of usable capacity

100
%

Operating range

50

30 minute criteria
15 minute criteria

0
1.0

2.0
Usable storage capacity / pre-qualified power

3.0

Figure 4.8: Requirements on usable capacity
apply for stand alone BSS, too. This would ease the system requirements for
the BSS. In addition, the EU Guideline on Electricity System Operation (SO
GL) is currently in the comitology procedure [192], which causes the TSOs
of the Continental Europe Synchronous Area to review the capacity requirements on the basis of a cost-benet analysis (SO GL art.156(9). According
to [190] there might be other options accepted to exclude critical SOC, not
listed in the SO GL. From an investor's point of view, this represents considerable uncertainty. Regarding the battery technologies that can be used in
the PCR market, the exibility of the energy-to-power ratio of the vanadium
redox ow batteries could be advantageous in the future, given that for a
given battery power the required capacity can be adjusted as needed.
On the other hand, in 80 % of the time the BSS has to provide less than
± 10 % of its nominal (pre-qualied) power, as shown in Figure 4.9.
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Figure 4.9: Statistical requests of PCR power in the UCTE grid, based on
[129]
In conclusion, it can be stated that a nal technical guideline of storage capacity requirements and a clear denition of the corresponding prequalication tests remain unclear. From an investor`s point of view it would
be more protable to install as little capacity as possible, since this capacity
can be regarded as stranded investment.

4.2.2 SCR in Combination with Day-ahead and Intra-day
Trading for Large Scale BSS
Another approach is to combine complementary business models, this may
increase the prot compared to a single revenue stream [193]. As described
in section 4.1 combined business cases of intra-day, day-ahead and secondary
control reserve might be protable business cases and they are analysed in
this section. In order to quantify total revenue potentials for a BSS, the
maximum achievable proceeds for a single and combined storage operation
mode are simulated. Two operation modes are considered: Firstly, the BSS
operates based on a load-levelling principle, only at the day-ahead market
(DA), and secondly the BSS is additionally marketed in the secondary reserve
control market (DA+SCR). This combination is selected, because both BSS
application areas operate on existing markets with uniform and standardised
product requirements (see Table 4.4).
Optionally, possible intra-day (ID) revenues were estimated if the downtime hours can be used in which the storage is used primarily for the day-
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Table 4.4: Main product characteristics DA and SCR [16].

Tender period
Product
Time-slice
Product
Time-slice
Award criteria
Remuneration
Minimum power
Capacity

Secondary Control
Reserve (SCR)
weekly
peak (HT): Mo-Fri
8 am to 8 pm
o-peak (LT):
residual period
power price
(pay-as-bid)
power price and
energy price
±5 MW; 5 MWh (incl. pooling)
≥12 h x oered power

Day-Ahead (DA)
daily
Mo-Sun hourly
Mo-Sun hourly
unifrom price auction
auction
energy only
(marginal cost)
0.1 MW
1 h x oered power

ahead trading. In order to quantify total revenue potentials for a BSS, the
maximum achievable proceeds for a single and combined storage operation
mode are simulated using a linear optimisation model. The mathematical
description of the two models (DA and DA+SCR) is presented along with
the objective function and the constraints in [193].
The simulation model has several simplications. The arbitrage model for
the day-ahead market does not distinguish between charging and discharging
eciency losses. The total eciency losses of a storage cycle are attributed to
charge the BSS. In addition, self-discharge losses of the BSS due to internal
processes are neglected. It is assumed that there are no durable downtimes
and that VRFB habe no cyclic ageing. Besides, the times for charging and
discharging are supposed to be identical, which is not the case for some
storage technologies. The reaction time or ramp rate is also neglected in the
model, because it is anticipated that for a time horizon of one hour this is of
minor relevance. Moreover, the death of discharge is not explicitly addressed
in the model and needs to be adjusted for technology specic considerations.
Due to the perfect foresight assumption price uncertainties are neglected and
the maximal theoretical prot is calculated. This applies to the arbitrage
model of the DA and for the SCR bidding strategy. Another restriction is
that the energy price of the BSS providing SCR is selected high enough, such
that no energy has to be provided by the BSS.
In order to participate in the secondary control reserve market, the SPF
prototype used in in the SPF project is scaled up from 200 kW to 5 MW for
the simulation. The energy-to-power ratio is kept the same. The storage
parameters for the model simulation are listed in Table 4.5.
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Table 4.5: BSS model simulation parameters.
Parameter

Value

Description

Pmax
Ppq,min
Ppq,max
cmax
η

5 MW
0.75 MW
5 MW
10 MWh
0.8

maximum charge/discharge power
minimal pre-qualied power
maximal pre-qualied power
maximum storage capacity
round-trip eciency

For both operation modes (DA and DA+SCR), it is assumed that the
hourly rates at the day-ahead market and secondary control reserve power
prices are known. Therefore, the simulation is carried out based on ex post
data from 2013 of the EPEX-SPOT [149] and the German secondary control
reserve market, published on regelleistung.net [194].
There are four ways to market secondary control reserve. Two of which are
dierent product time-slices: Low Time (LT) with work days from 8 pm to
8 am and High Time (HT) with work days from 8 am to 8 pm. Furthermore,
negative (NEG) and positive (POS) control reserve are bided separately. Positive control reserve in the context of BSS means charging and vice versa. The
four possibilities to participate at the SCR market are therefore: HT_POS,
LT_POS, HT_NEG, LT_NEG. These four options are combined with the
DA market and modelled in yearly simulations in 1-h steps additionally to the
pure DA trading. The resulting modelled options are: DA, DA+HT_POS,
DA+LT_POS, DA+HT_NEG, DA+LT_NEG. To speed up computation
time a year is divided into twelve periods (months) which are calculated in
parallel. The SOC is set to 1 % for the rst time step of the twelve periods. Assuming that the battery system has to provide its full power during
the twelve hours of the tender period, only 0.75 MW (SCR_MIN) can be
oered and remunerated, if the BSS is at its full capacity of 10 MWh at the
beginning of the marketed period. This oered power can be considered as
the lower limit of the revenue model. If the supply periods are shortened
or recharging transactions are possible like for the provision of PCR, the
maximum marketable power would be 5 MW (SCR_MAX).
The principle function of the two operation modes (DA und DA+SCR)
are described and illustrated by a sample week (September 2-9, 2013) for
arbitrage (DA) in Figure 4.10 and arbitrage in combination with secondary
control power provision (DA+SCR), in this case HT_POS in Figure 4.11.
Principally, in the arbitrage operation mode (DA) the BSS stores electricity in hours of comparatively low market clearing prices and discharges
the energy again in times of comparatively high market clearing prices in
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Charge/ discharge power (generator perspective)

Time [h]

Capacity [MWh]

Storage capacity

Time [h]
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Day-Ahead prices

Time [h]

Figure 4.10: Sample week DA optimisation results, September 2-9, 2013.
EUR/MWh. A positive income can only be generated if the discharge revenues exceed the charge spendings plus the included eciency losses. Consequently, the storage capacity behaves inverse to the price development at the
day-ahead market (low price leads to charging and a high storage capacity).
Besides, the battery discharges at full power and for these seven days at a
rate of approximately 1.5 charge/discharge cycles per day. In 67% of the
168 h there is no activity at all (standstill hours).
The combination of DA+HT_POS is shown in Figure 4.11. In the grey
periods, the battery system is applied on the DA market, while in the whitemarked periods (weekdays 8 am - 8 pm), it participates in the SCR market
by oering positive control power. One of the constraints is that the BSS is
fully charged when a SRC period starts, in order to be able to provide its
oered power during the whole period (if negative SRL is oered, the SOC
is minimal). To full this constraint, the BSS is charged at the DA periods,
for example at the rst DA period 0 bis 8 am when the price is minimal.
Furthermore, regardless of the demand for secondary control energy, which
is set to zero, the BSS completes roughly eight cycles a week. Even during
arbitrage periods (for one week HT_POS), only 40 % of the time is used for
load-levelling via day-ahead market price signals.
Assuming that the storage operator has perfect foresight of the day-ahead

83

Chapter 4 Economic Analysis of Large Scale Battery Applications in Germany
Charge/ discharge power (generator perspective)
SCR

DA
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Storage capacity
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Day-Ahead prices
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Figure 4.11: Combined DA and SCR trading (DA+HT_POS), exemplary
week, September 2-9, 2013 with a oered power of 0.75 MW
market and behaves as a price taker (quantities are too marginal to be price
or/and quantity-dominant on the market), the maximum arbitrage revenues
for 2013 are 120 kEUR (see Figure 4.13), with total standstill hours of 5,946
h corresponding to a load factor of 32 % per year, as depicted in Figure 4.12.
Day-ahead revenues [EUR]
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Figure 4.12: Revenues for arbitrage at the DA market and downtime in 2013.
Since the focus of the model is to estimate the revenues for a combined
business model for arbitrage at the day-ahead market and provision of sec-
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Figure 6-16: Revenues DA, SCR_MIN, SCR_MAX and ID 2013

Figure 4.13: Revenues for single and combined revenues at the DA, SCR und
ID market in 2013. SCR for two dierent pre-qualied powers:
75
SCR_MIN (Ppq,min =0.75 MW), SCR_MAX (Ppq,max =5
MW).
In the best case (SCR_MAX; Ppq,max =5 MW), for the combination of marketing on the day-ahead market, oering negative secondary control power
and optimal utilisation of downtime on the ID market (DA+ID+HT_NEG),
a revenue of about 250 kEUR can be generated. Even if the (estimated) revenues on the ID market are neglected, total revenues of around 225 kEUR
are still possible. Compared with the revenues at the DA market, this is an
additional revenue of 105 kEUR and shows that a combination of business
models can be more protable. The situation is dierent if only 0.75 MW
SCR can be marketed (SCR_MIN). In this case, it is more protable to
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use the battery system only in the day-ahead market, even more so if the
downtime is used to market the battery additionally at the ID market.
Consequently, it is shown that the SCR market for battery systems can
be attractive if the market product requirements are changed (either by a
reduction of bidding periods or by special conditions for battery systems) or
the marketable power is increased by pooling with other market participants.

4.2.3 Preliminary Assessment of Market Based Business Cases
for the SPF Prototype
In subsection 4.2.2 and subsection 4.2.3 various large scale BSS market applications are examined under current legal and regulatory conditions. The
aim of these chapters is an analysis of which business models or business
model combinations could be particularly lucrative for the use of the vanadium redox ow battery of the SPF project. Thus, in subsection 4.2.2 the
application of the BSS on the primary control market is assessed. In subsection 4.2.3 the combinations of dierent revenue business cases participation
at the secondary control reserve market, arbitrage at the day-ahead-market
and arbitrage at the intra-day market are analysed.
A major result of subsection 4.2.2 is that stand-alone BSS are able to participate at the PCR market due to the degrees of freedom which can be used
to correct the SOC. With weekly revenues of 3,500 EUR/ MW (average price
in 2015), at present experts assume that the commercialization of large batteries in the PCR market can be protable, as shown in Table 4.2. As shown
in subsection 4.2.3 even with a perfect-foresight assumption the revenues for
a 5 MW/10 MWh BSS, which participates at the SCR market as well an at
the day-ahead and intra-day market, are 250 kEUR at best.
The maximal theoretically possible weekly revenues that can be earned
with the four business opportunities described above, are tted to the BSS
of the SPF-project (nominal power of 200 kW and a capacity of 400 kWh)
and the results are depicted in Figure 4.14.
It can be concluded that the highest revenues stream of possible business
opportunities at the German energy market for the SPF battery is to provide
PCR. As in this section only the revenues are analysed and the costs are not
considered, the protability of the PCR business case is analysed further
in chapter 5. Since the SPF Protoype is not able to participate at the
PCR market, due the market restriction of a minimum pre-qualied power
of 1 MW, a pooling of BSS of the same type is considered in chapter 5. The
base of the economic assessment is a BSS model which is based on measured
values of the BSS applied in the SPF project to provide PCR.
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Figure 4.14: Expected weekly yield for the application of the vanadium redox ow battery of the SPF project for dierent business models. PCR:=primary control reserve, SCR:=secondary control reserve, DA:= day-ahead arbitrage, ID:= intra-day arbitrage.

4.3 Preliminary Assessment of the
Self-Consumption Business Case
With the rise of DG the idea of the prosumer (entities that consume and
produce), rst mentioned in 1980 [196], became more popular. The main
motivation to become an electrical prosumer as dened in [197], is that
self-consumption of locally generated electricity, as dened in [198], is more
protable than drawing it from alternative supplies. This is the case if the
levelised costs of electricity (LCOE) of the DG can compete with the cost to
draw electricity from the power grid (electricity retail price). A comprehensive manual to calculate the LCOE for renewable energies was rst presented
by [199] and has further been discussed by [200] [201] and [202].In order to
incorporate the cost of storage, [203] proposed to calculate the levelised cost
of stored energy.
A comprehensive overview on grid parity world-wide is given by [204]. It is
shown that Europe was the rst main market world-wide where grid parity
was achieved in 2010. It is quite likely that the market volumes for self-
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consumption business cases will grow in the future as the trend of falling
LCOE of DG and BSS continues. The LCOE of PV, for example, are assumed to decrease by 30-50 % from 2014 to 2030 [205]. An even more drastic
price decline is foretold for BSS, especially for lithium-ion batteries (LIB).
The lowest battery cell price for utility scale LIB could decrease by 64 %
from 2014 to 2020 [182]. Although normally only addressed as LIB, there
are at least four promising types of LIB suitable energy storage applications with dierent cell chemistries [206] and price reduction potentials till
2020 [182]: lithium manganite (39 %), lithium nickel cobalt aluminum oxide
(50 %), lithium-iron phosphate (37 %) and lithium titanate (25 %). A more
conservative meta-study conducted by Nykvist et al. indicates that the costs
of LIB for battery electric vehicles could fall below 150 USD/kWh by 2025,
and therefore decrease by more than 50 % [207]. The lowest battery cell
price for utility scale ow batteries is predicted to decrease by 48 % until
2020, making them the second most interesting battery type concerning the
price reduction potential [182].
The liberalisation of the energy market since the 1990s has not lead, as
theoretically predicted, to a decline of the electricity price for household
consumers due to more competition, but to an increase in all 27 member
countries of the EU-27, except Finland, between 1998 and 2008 [208]. Since
electricity prices are much harder to predict than, for example, the LCOE
of PV a large variety of methods have been applied over the past 15 years
[209], indicating that the electricity price for households will further rise all
over Europe [208]. Keeping in mind the big uncertainty of predicting these
prices, the electricity retail price in Germany is likely to increase until 2030,
according to a technical report commissioned by the Federal Ministry for
Economic Aairs and Energy [210].
In countries with lower LCOE of PV compared to Germany, like Spain
for instance, self-consumption systems might have a positive net present
value (NPV), but a possible back-toll fee could turns a protable system to
a negative NPV [211]. Therefore, a favourable legislative framework, as it
is the case in Germany, is mandatory for this business case. By analysing
the Italian market, one can deduce which size is more protable in a post
feed-in market. It can be concluded that small residential PV systems have
higher net present values than larger systems, as the economy of scale does
not compensate the benets of smaller systems [212]. Therefore, the trend
of installing PV systems in LV grids in Germany is likely to continue. PV
systems in southern Germany reached grid parity in 2012 [2]. With only a
PV-system to match the demand, the achievable self-consumption rates are
limited, and can only be increased by demand side management (DSM) and
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BSS come into play. It is shown by [213] that BSS have a higher potential to
increase self-consumption than DSM [213]. Consequently, self-consumption
increase is mainly realised with residential energy storages (RES), as this
business case became protable in 2013 in Germany [214]. As described
before, the benet in 2013 results from the PV LCOE, which are currently
between 9.8 and 14.2 EURct./kWh in Germany [164], and the electricity costs
for households, which amount to 28.9 EURct./kWh [166]. It is noteworthy
that due to the EEG amendment from 2014 newly installed systems over 10
kW or 10.000 kWh/a are surcharged for own consumption (currently with
6.2 EURct./kWh). Therefore, the theoretically achievable prot margin lies
between 8.5 and 19.1 EURct./kWh. This is one of the main reasons why more
than 4600 residential storage systems for self- consumption were installed in
Germany until June 2015 [215].
In the industry sector the PV generation costs are generally 2 EURct./kWh
lower than in household applications because of the larger systems sizes and
lie between 7.8 and 14.2 EURct./kWh [164]. The power purchase costs for
large customers with a consumption of 100 GWh/a range between 4.1 and
15.6 EURct./kWh. Thus, the theoretical realisable value range (considering
the EEG surcharge) is 0 to 5 EURct./kWh.
An resulting interesting research question is, whether it could be economically feasible to pool the prosumer and instead of having a BSS and PVsystem in every household share and scale them up. Kastel et al. addressed
this question by showing that the pooling of prosumer generators and loads
has been benecial in all calculated scenarios in the UK compared to a single
prosumer [216]. This is due to the combination of PV systems, wind turbines
and loads. By doing this the self-consumption level could be raised up to
17,5 %, wherefore the economics in case of grid parity improve signicantly.
However, BSS were not considered in this study. Large scale or pooled BSS
that apply a self-consumption maximisation can be addressed as community
electricity storage (CES), as dened in [217, 218]. A more detailed denition of CES is given in [219]. Parra et al. [220] conducted a study in which
the LCOE of single households in the UK using PV residential storage systems and using a CES instead were compared. It has been shown, that the
LCOE could be lowered by 37 % for a 10-household community and 66 %
for a 60-household community. In Germany, CES, diverging from the denition in [218] cannot be operated or owned by the DSO using the CES to
participate in the energy market because of the unbundling. The CES has
to be owned and operated by a citizen cooperative or an external storage
operator, for example. In Germany, no similar calculations considering the
potential of lowering the LCOE have been conducted, but [221] showed that
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by applying CES the losses caused by the grid-compatible storage operation
can be lowered by 50 % on average compared to RES. With the existing legal
framework the business models for residential storages and CES cannot be
directly compared due to the additional burden of extra fees and taxes for
CES. Nevertheless, the studies mentioned before seem to indicate that CES
have some advantages over residential storages.
Most of the battery systems in Germany used to maximise self-consumption
are realised as RES and not as CES, due to the unfavourable actual legal
framework described hereafter. Charges and levies for CES mainly depend
on the ownership of the electrical grid to which the BSS is connected and
on whether the electricity from the storage is consumed in the vicinity of
the storage or supplied to a third party. Nonetheless, the exemption from
the electricity tax due to the vicinity of generation and load according to the
Electricity Taxation Act section 9(1) (german Stromsteuergesetz, StromStG)
may not be taken for granted due to the lack of a clear denition of vicinity.
In this work the electricity tax is not considered. Despite of their function
as temporary storage, CES with a point of common coupling to the public
electrical grid as dened by the Federal Court of Justice (BGH), are treated
as a nal consumer according to the Energy Industry Act (EnWG) and is
therefore charged with all levies and charges. As the BSS and the nal consumer are treated equally, theoretically several charges and levies are charged
twice. Therefore, in section 37(4) and 60(3) of the Renewable Energy Act
(EEG 2014) and section 118(6) EnWG, exemptions are made for BSS to
avoid the double EEG levy and grid charges. Nevertheless, according to section 5(12) EEG 2014 this applies only if the operator of the PV plant and
the BSS is the identical legal entity.
The two bars on the right-hand side of Fig. 4.15 show the expenses for
the case where the BSS is connected to the public grid (case 3 and 4); the
two columns on the left show the levies and charges for the case, where the
electricity is generated, stored and consumed in the vicinity of the storage
without the use of the public grid (case 1 and 2). The latter two cases are
divided according to whether they apply self-consumption (case 1) or electricity supply from the CES operator to a third party consumer (case 2). If
the consumer is the same legal entity as the owner of the PV generator, according to section 61(1) EEG 2014 only a reduced EEG levy of 40 % (=2,5416
ct/kWh) incurs. In all other cases the full EEG levy has to be burdened.
A comprehensive study reviews dierent possible business cases that can
be applied to CES [222]. Furthermore, a guideline concerning the legal framework connected to these business cases is published by the German federal
network agency [223]. Although focussing on the EEG 2014, this guideline
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is still valid for the EEG that became eective in January 2017.

Figure 4.15: Charges, levies and taxes for CES in 2016, based on [222].
In spite of the high tax burden and the unfavourable legal framework mentioned above, several large scale BSS projects to maximise self-consumption
and peak shaving in Germany have been realised in the recent years as listed
in Table 4.6.
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Project name

LCOE=0.52 EUR/kWh

LCOE; NPV ; prot/a

PP V = 91kWp ;
Pwind = 330kW

Generator(s)

LIB:

Battery

Load(s)

capacity=78 kWh

PbB:

LIB:

Pc./disc. = 70kW
capacity=162
kWh

16 households

direct loading; forecast
based dis-/charging is
planned

Ref.

[224]

[225,
226]


100%

forecast based
dis-/charging; using
external forecasts

peak shaving

peak shaving

[221,
231,
232]

[109],
[87]

[228
230]

[227]

[14,
20]

N/A

forecast based
dis-/charging; using
persistence forecasts

[233,
234]

N/A


25%


93%

forecast based
dis-/charging


70%
peak shaving
(2022)


30%
60%

RESCR Operating strategy/
comment

64%
direct loading/
all values for scenario
03

Table 4.6: Overview of recent large scale BSS projects to maximise self-consumption and peak shaving in Germany
MSG
EUREF

Total yearly
energy demand:
approx. 400
MWh/a for oce
buildings

capacity=90 kWh

supercap:
capacity=3 kWh

LIB:

Strombank

PP V = 64kWp
PCHP = 16.5kW

16 households
Pmax = 30kW

14 households
4 industrial
facilities

Positive NPV, in case
of no FIT and if no
taxes and taris apply

PP V = 20M Wp ;
Pwind = 23.5M W
(2022)

LIB:

Pc./disc. = 100kW
capacity=100
kWh

no prot compared to
traditional grid
expansion

PP V = 90.5kWp

Pc./disc. = 45kW
capacity=230
kWh
Pc./disc. = 30kW
capacity=150
kWh
Pcharge = 560kW
Pdisc. = 1000kW
capacity=560
kWh VRFB:
Pc./disc. = 200kW
capacity=1.6
MWh
Pc./disc. = 200kW
capacity=200
kWh

PbB:

Pmax =
5.6M W (2022)

IRENE

N/A

110 households

Fechheim

PbB:

N/A

PP V = 60kWp

Smart
Operator

LIB:
PP V = 772kW ;
Pwind = 330kW

20 households
Pmax = 487kW

Prot:
150 kEUR/a (2013)

50 households

SmartRegion
Pellworm

LIB:
PP V = 300kWp

PP V = 287kWp

N/A

N/A

EEBatt

Smart Grid
Solar
(Epplas-Hof)

Pc./disc. = 72kW
Pdisc. = 72kW
capacity=330
kWh
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4.4 Chapter Summary
The German energy storage market was analysed and the two most protable
applications were presented in detail after a literature and market review.
An analysis of 20 potential revenue streams for BSS showed that the primary control reserve market holds the highest revenues for market based
applications, whereas the highest cost reduction lies in maximising the selfconsumption by using renewable energies, especially for households.
For the market based BSS applications several single and combined business cases were analysed in order to select the most protable one. The
revenues for the primary control reserve application of the SPF prototype
was compared with the revenues of the combined business models for arbitrage at the day-ahead market and provision of secondary control reserve. A
third combination option which is the participation at the intra-day market
was roughly estimated, too. The results show that under current market
conditions, even the most promising combined business case (arbitrage at
day-ahead and intra-day-market, combined with secondary control reserve)
is far from being competitive to the business case primary control reserve.
Thus, primary frequency control seems to be the most promising business
case for BSS in Germany at the moment. Although the net present value is
just becoming positive, there is still a great challenge to make it protable.
Although the degrees of freedom help to achieve this goal, research is still
necessary to determine the dierent benets of these options, especially for
VRFB, since most of the BSS used for primary frequency control are LiB.
As mentioned before, maximisation of the self-consumption is another
promising battery application. But, due to additional fees and taxes applying for community electricity storages, this business case is hard to transfer
from residential to large scale storages. The additional cost burden for community electricity storage was presented for several scenarios. In spite of
existing unfavourable legal framework, it seems especially interesting since
in the near future PV systems, which have reached the end of their 20 year
period of feeding into the grid with a xed feed-in tari, can be used for this
applications with an extreme low LCOE. Additionally, several large scale
BSS projects in Germany applying those strategies were presented.
In conclusion, it is worth pointing out that large scale BSS are becoming
economically feasible in Germany, but the current legal framework has to
be adapted to ensure a break through of this technology. Thus, the presented preliminary assessment of the primary frequency control and selfconsumption application is extended in chapter 5 and chapter 6 by applying
them to the SPF prototype in the pilot region.
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Chapter

5

Technical and Economic Assessment
of a System Supportive BSS
Prototype Providing PCR

As discussed in chapter 2, the best way to increase the number of large batteries in the distribution grid level is by applying an operating strategy that
optimally combines a prot-driven and a grid supportive-operation strategy.
The analysis of market-driven applications for large batteries in chapter
4 shows that under the current's legal and regulatory framework the application on the primary control reserve market is by far the most lucrative
business model for large scale batteries (see Figure 4.14). This is the main
reason why the SmartPowerFlow project focused on this business model (see
chapter 3). As mentioned in subsection 4.2.1, another reason is that there
are no experiences with vanadium redox ow batteries on the PCR market in
Germany. However, the free scalability of the energy-to-power ratio of this
storage technology may prove benecial in the future, especially considering
the discussions regarding capacity requirements for batteries providing PCR
(see subsection 4.2.1).
In the highly regulated PRC market, the operation strategy is mainly
predetermined by the technical restraints and the legal framework in place.
Thus, no additional analysis regarding which operating strategy is the best
is conducted. However, the novelty of the analysed operation strategy is the
grid supportive behaviour of the BSS that is providing PCR. This service has
been added to its primary purpose (to provide PCR) by adding a reactive
power control strategy.
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In this chapter the technical and economic aspects of the grid supportive
behaviour of the BSS that is providing PCR are assessed. In section 5.1
some general remarks are given if PCR is provided by a BSS with a special
focus on large scale BSS in distribution grids. In section 5.2 a simulation
model of the SPF prototype based on measured values is presented. This
BSS model is included in the simulation of the operation strategy, which is
presented section 5.3. Furthermore, the parameters for a prot maximising
operation of the stand-alone BSS are determined by running a parameter
variation using the operation strategy model. In section 5.4 the operation
strategy is validated along with the BSS model in a eld test. Currently, the
most common BSS technology to provide PCR (see Table 4.2)) is based
on lithium-ion systems. A technical and economic assessment of a pool
of VRFB, which provides PCR, is compared to an exemplary lithium-ion
system, in section 5.5. A sensitivity analysis, in which the most signicant
economic parameters are varied, completes the economic assessment. Finally,
the chapter is concluded in section 5.6.
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5.1 General remarks on providing PCR with BSS
As described in subsection 4.2.1 the active power in- and output of a BSS providing PCR does not depend on the local grid state but on the grid frequency
(see Figure 4.1) and is therefore grid compatible, but not grid supportive
(BSS behaviours are dened in subsection 2.1.8). Thus, from the DSO's perspective such a grid participant is initially regarded as not grid supportive,
as it may contribute to critical grid states. This is discussed in detail in section 7.1. To avoid critical grid states a system supportive behaviour, which
combines a grid supportive and a system compatible behaviour, is realised
with the SPF battery. This is achieved by connecting the BSS to the LV bus
bar of a MV/ LV transformer to ensure that a unfavourable active power
ow may not lead to OV issues. The grid supportive behaviour is realised
by adding a Q(V)-control to control the voltage to the P(f)-control needed
for the provision of PCR (further details in section 3.3).
Thus, the aim of the operating strategy developed in this chapter is to
optimally combine the provision of primary control reserve with a reactive
power control to increase the hosting capacity for DG (dened in subsection
2.1.5).
The challenge in achieving this goal is that the two applications primary
control reserve and voltage control services must be provided with an availability of 100 %. On the one hand, according to current legal requirements,
the end user must be provided with electricity within a xed voltage band at
all times (see subsection 2.2.1). On the other hand, a 100 % availability of the
component that provides PCR has to be guaranteed and is a requirement to
participate in the PCR market (see Table 4.3). However, since battery storages, unlike conventional systems, have a limited capacity, it is important to
ensure that the battery charge level is kept at a level, at which the provision
of PCR is ensured at all times. Figure 5.1 illustrates this problem: the SOC
of the SPF battery decreases almost continuously due to eciency losses,
even if temporarily more negative power (charging) has to be provided as
positive power (discharging). With a grid supportive PCR operation mode
the BSS would be discharged even further as the inverter draws the energy
required for the provision of reactive power from the BSS. A SOC adjustment is therefore mandatory to ensure a 100 % availability of the provision
of primary control reserve and voltage control.
As explained in subsection 4.2.1 the optimal SOC for BSS providing PCR
is around 50 %, since statistically approximately the same amount of positive
and negative balancing power has to be provided over time. However, as the
SOC of the BSS providing PCR tends to drop in the long run, the German
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Figure 5.1: PCR-provision with the VRFB-prototype during a eld test without SOC adjustment; measured values on day 23/8/2016.
TSOs have dened a total of six degrees of freedom for SOC adjustment
during battery operation. They are explained in more detail in subsection
4.2.1 and [189].
In this work, the following degrees of freedom have been applied for SOC
adjustments:

•

Dead-band:

•

Optional overfullment:

Possibility to readjust the battery SOC by charging or
discharging using the dead-band.
power than required.

Option to provide 20 % more balancing

•

Permissible operating range:

•

Schedule transactions:

Option to readjust the SOC during
30 seconds in which the requested power has to be fully activated.
Optional adjustment of the SOC by purchasing or selling energy at the energy market.

The degree of freedom to adjust the SOC with other technical units is
neglected, as it is one of the scopes of this work to show that a stand-alone
operation of large scale BSS providing PCR is possible. The option relocation
of the dead-band when grid-time corrections are planned as this degree of
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freedom requires information from the TSO about the target frequency for
the upcoming day which was not available in the SPF project.
The rst three of the listed degrees of freedom are cost-neutral and can
be applied continuously. If the SOC still threatens to reach a critical level,
additional charging or discharging is required. These schedule transactions
on the intra-day market, result in additional costs. Thus, an optimisation is
required to minimise additional costs, while ensuring the availability of the
BSS for PCR provision as well as reactive power control (presented in section
5.3).

5.2 Battery System Model Based on Measured
Values
As stated in chapter 3 the modelled 200 kW/ 400 kWh VRFB is able to
operate in a four quadrant operation mode, with a theoretical apparent power
of 630 kVA. The BSS has a pump managing system with four individual
pumping circuits, that can be activated according to the needed power in
50 kW steps in order to reduce the self-consumption of the BSS.
According to [235] there are macro [236238], micro [239] and molecular approaches (e.g. the Molecular Dynamics method [240]) for modelling
VRFB. Most of these theoretic battery models, of which some were veried
in the laboratory [235237], aim to improve the battery eciency or to increase its capacity. In contrast to these models, the aim of the presented BSS
model is to analyse the battery operation at the PCR market as realistically
as possible over a longer period of time (weeks). The presented BSS model
is also used for the economic optimisation of the BSS and to analyse the interaction with the electrical grid and the resulting reactive power need. For
market applications, such as in this work, empirical (macro) models, based
on measured data to predict the future behaviour without consideration of
physicochemical principles, seem to be the most appropriate to employ [235].
Therefore, an empirical approach similar to [241] for LiB based on eciency
characteristics is selected for the VRFB model. In contrast to the VRFB
model in [238], the BSS model is veried along with the PCR application
in a eld test presented in subsection 5.4. Furthermore, the eect of the
reactive power provision on the SOC is not considered in [238].
Depending on the application, dierent time resolutions are used in the
BSS models. For PCR one-second time-steps seem appropriate to properly
incorporate all DOF. VRFB already in operation have shown an extremely
long working life time (up to 270,000 full cycles) and no self-discharge, if
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the two electrolytes are stored in dierent tanks [112]. Nonetheless, the electrolyte in the reaction chamber may cause self-discharge which occurs mainly
in idle mode. [242] reports that this eect can be neglected in the process
of charging or discharging which happens continuously in both applications.
Thus, similarly to the investigation in [243], both eects (calendric and cyclic
ageing) are neglected in this work. The inverter and battery are modelled
separately in subsection 5.2.1 and subsection 5.2.2.

5.2.1 Inverter Model
The losses occurring during the operation of the inverter can be distinguished
into no-load losses and apparent power losses. No-load losses are losses independent of the apparent power and are caused mainly by switching losses
of the insulated gate bipolar transistors of the inverter bridge. For the SMA
inverter used in the SmartPowerFlow project these losses are 2.3 kW. They
were determined by measuring the DC power between battery and inverter
at 0 kW active power and 0 kvar reactive power at the AC side. The apparent power losses are composed of the losses due to provision of active and
reactive power. For the VRFB-prototype a stable 4-quadrant operation of
±200 kW as well ±400 kvar has been tested and validated in the eld, as
shown in Figure 5.2.
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Active power [kW]
Figure 5.2: 4-quadrant operation mode of the BSS inverter (load perspective).
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To determine the active power losses, the active power was altered over
the entire operating range of ±200 kW and the apparent power was kept at
a constant level of 0 kvar. The resulting active power losses for charging
and discharging are depicted in Figure 5.3. The eciency was determined
from the ratio of DC to AC-power for the charging process end vice versa
for discharging. At low power ratings of less than 50 kW, the eciency of
the inverter is between 85 % - 95 % and for power ratings greater than 50 kW
between 95 % - 98 %.
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Figure 5.3: Measured active power dependent inverter losses Ploss (load perspective).
The methodology to measure the reactive power losses is the same as for
the active power losses: the AC-active power is set to 0 kW, whereas the
reactive power is varied over the whole operation area of ±400 kvar. The
results of this measurement are shown in Fig. 5.4. The measuring point
for a reactive power of 0 kvar corresponds to the above-mentioned no-load
losses of around 2.3 kW. The losses increase with increasing reactive power
and reach a maximum of approximately 9 kW with maximum reactive power.
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Figure 5.4: Measured inverter losses Qloss at reactive power provision (load
perspective).
According to SMA [244] the apparent power losses of the inverter Sloss can
be approximated by equation (5.5), since the losses are mainly dependent on
the absolute value of the apparent current Is .

Sloss

Is2 = Ip2 + Iq2

(5.1)

P =I ·V

(5.2)

V := const.

(5.3)

I∝P
q
2 + Q2
= Ploss
loss

(5.4)
(5.5)

where Ip is the absolute value of the active current, Iq is the absolute
value of the reactive current, Ploss are the active and Qloss the reactive power
dependent losses. For data points in between the measurement data, Ploss
and Qloss are approximated by linear interpolation.

5.2.2 Battery Model
For the modelling of the battery, the charge- and discharge characteristics
were measured. The BSS was fully charged and discharged at various power
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levels as depicted in Figure 5.5 and Figure 5.6. The discharge was limited to
1 % SOC to avoid a deep discharge. The deviations of charging and discharging powers of the target value can be attributed to various causes such as
power drops due to an excessively high electrolyte temperature, the failure
of a DC-DC converter inside the battery or incorrect control commands by
the battery management system and can be neglected in the model, since
these eects can be attributed to the prototype status of the BSS.

SOCC

tC

EC

SOC [%]
Figure 5.5: Measured battery charging curves.
The charging and discharging curves show that the BSS can only be
charged or discharged with a constant power up to a certain SOC. After
reaching this power dependant SOC limit, the charging or discharging power
drops steadily. For example, a constant charging power of 200 kW can only
be maintained during the time period tC up to a charge level of 62 %. From
this point on which is called SOCC , the charging power drops to 53 kW until
the battery is fully charged. The energy supplied to the BSS up to the point
SOCC , is dened as EC (see Figure 5.5). This also applies to the discharging process. The SOC from which the constant discharge power decreases
is referred as SOCD , the energy taken up to this point is called ED (see
Figure 5.6). To participate in the PCR market, the BSS has to provide the
requested power reliably and without interruption. Thus, it can only be
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Figure 5.6: Measured battery discharging curves.
operated within the limits SOCC and SOCD for a given value of the prequalied power. The change of SOC within these limits is calculated in the
model as follows:
Charge:

∆SOC = SOCC ·

∆t · P
EC

(5.6)
P

with SOCi , SOCf < SOCC
Discharge:

∆SOC = (100 − SOCD ) ·

∆t · P
ED

(5.7)
P

with SOCi , SOCf > SOCD
where parameters SOCC and EC as well as SOCD and ED were derived
from the characteristic curves. SOCi is the initial SOC before charging/
discharging and SOCf the nal SOC after charging/ discharging.The values
for charging and discharging powers between the measured values are taken
from linear interpolation.
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The charging and discharging curves were measured in the PCR mode,
where all four pumping circuits of the VRFB-prototype are active due to
the fast response time that is necessary when providing PCR. The pumps
consume 12 kW. This power is taken directly from the grid and purchased at
the intra-day market, since this is more cost eective than discharging the
BSS. The validation of the 1-second-BSS-model is presented in section 5.4.
The equations used to calculate the amount of energy used for charging
and discharging the BSS, as well as its eciency for a given timespan, are
presented in Appendix B.6.

5.3 Methodology: Modelling of a Grid Supportive
Application for a Battery Storage System at the
Primary Control Reserve Market
The operation strategy is based on a frequency data analysis which ensures a
100 % availability, as required by the TSO during the entire period, in which
the primary control reserve and voltage control services are provided.

5.3.1 Input Data and Assumptions
The economic analysis is based on the legal framework of the PCR market.
The technical framework concerning the amount of energy that has to be
reserved in the future to have access to the PCR market is still uncertain
due to dierent regulations on a national [190] and European level [245] and
may result in an E2P-ratio of 2:1 for LiB [246, 247]. This is the same E2Pratio that is applied for the VRFB in this work. The variable E2P-ratio of the
VRFB might therefore be an advantage, if the technical requirments change.
Nonetheless, from an economic point of view LiB (if possible with a E2P-ratio
of 1:1 or even 0.5:1) seems to be preferable [246], due to lower CAPEX. The
prices for the energy needed to recharge the battery, the bidding prices, the
CAPEX and OPEX of the BSS and all additional data used in this chapter
refer to the year 2015, if not stated otherwise.

Revenue Stream and Expenses during Operation
The revenues that can be achieved at the PCR market are determined by the
BSS operators' own bidding strategy as well as the structure and costs of the
competitors [248]. In this work the bidding strategy is simplied as it is assumed that the BSS can provide PCR for 50 weeks per year (corresponding to
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50 bidding periods) [249]. The historical PCR prices uctuate considerably
in the course of one year. The more stable weekly average yearly values of the
years 2008-2017 were ranging between 3000 EUR/MW and 4000 EUR/MW
(except 2012, 2016 and 2017 [194]). For this work a yearly weekly average of
3500 EUR/MW (which is slightly lower than the value of 2015) is assumed
during the entire lifetime of the BSS [194]. Nonetheless, this value might
be too high, since in the last two years the average bidding prices dropped
drastically and might remain on that low value or drop even further [250].
Therefore, a sensitivity analysis is presented in subsection 5.5.2 in which the
inuence of the bidding price on the maximal CAPEX to achieve a protable
business case is analysed. This work, as well as most of the related studies [243, 247, 249], assumes a constant yearly revenue stream over the BSS
lifetime.
Expenses during PCR provision arise from the necessity to keep the battery charge level between certain limits, to ensure that the demanded power
can be supplied at any time, as discussed in subsection 5.2.2. The energy that
is needed to correct the charge level is traded at the intra-day market. The
medium-term development of the intra-day market is hard to predict. Therefore, the annual average price for the 15-minute product of 33.09 EUR/MWh
is used here. [251]. Additionally, a handling fee of 2 EUR/MWh has to be
added [252]. As stated in section 5.2, the auxiliary energy to run the pumping system generates further expenses and is traded at the intra-day market
as well as the energy needed to maintain the SOC in a target interval. For
further simplication it is assumed that the energy can always be traded and
that the annual average intra-day price for a 15-minute product is constant.
Based on [246] a value-added tax of 19 % on costs and revenues as well as
an electricity tax on the traded energy of 20.50 EUR/MWh is taken into account. Since the tax and duty charge for electricity storage is currently in
dispute, the energy tax has to be paid in all cases [253]. Finally, the costs
for the metering point operation have to be taken into account and are set
to 509 EUR/year [254].

Frequency data
To determine the correction limits of the SOC, further explained in subsection 5.3.2, worst case scenarios are analysed. For this, particularly over- and
under-frequent months from frequency data, provided by the Swissgrid AG,
are used. The data is depicted in grey and blue in Figure 5.7.
Swissgrid AG, the Swiss transmission grid operator, as a result of a comprehensive frequency data analysis, identied a representative heavy and a
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Figure 5.7: Frequency distribution of the used grid frequency data.
weak load month. The data shows an average over-frequency behaviour during the heavy load month, resulting in higher battery charging powers than
in average months. The heavy load month shows a stronger frequency uctuation than the weak-load periods, due to greater load gradients. Therefore,
an extreme under-frequent monthly time-series was synthesised by mirroring
the heavy-load time-series on the 50 Hz axis and depicted in orange in Figure
5.7. The derived set of two heavy-load monthly time series can be considered
the worst-case scenarios from SOC control point of view.
The economic analysis is based on the frequency data of the weak-load
month given that this month's frequency time series is approximately normal distributed, as is true for long term frequency time series [249, 255].
Therefore, the charged and discharged PCR power of the BSS is balanced
on average [256, 257]. Furthermore, the economic analysis was veried using
frequency data from year 2013. It shows, very similar results and is therefore
not further discussed.
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Battery Storage System Parameters
The minimum oered power at the German PCR market is 1 MW. Since
the considered VRFB-prototype has a maximum power of 200 kW, a pooling
of the battery is analysed. Pooling entails additional costs for additional
infrastructure. Those additional costs are neglected in this study due to
missing literature concerning this issue. However, pooling increases CAPEX
and OPEX of the 1-MW pooling unit, because the largest BSS unit needs to
be redundant (n-1 criterion) [190].

Economic Assumptions
The CAPEX and the OPEX, and other economic parameters for the PCR
business case (see section 5.5) and for the self-consumption business case (see
chapter 6) are presented hereafter.

Capital expenditures
The formula to calculate the investment costs I0 (:=CAPEX) for a given
power Pmax and a given capacity Emax is given by [133]:

I0 = cP · Pmax + cE · Emax + Cper

(5.8)

where cP are the specic cost of the power electronics, cE are the specic
cost of the components needed for the capacity and Cper are the costs for
the system periphery (e.g. site costs). C may not be able to be scaled with
the system design and is very project specic [249]. For VRFB, which are
hardly established in the market, currently a large range of cost factors exist
and the costs are therefore dicult to generalise [258260].
Equation 5.8 is applied to adapt the costs found in the literature for commercial BSS to the same conguration as in the SPF project for VRFB in
Table 5.1 and for LiB in Table 5.2.
Table 5.1: Minimal, average and maximal specic investment costs for a VRF
BSS with 200 kW/ 400 kWh, based on [133] [258] [261] [138].

Commercial product Prototype

Cost

108

R
[ EU
kW h ]

min.

av.

max.

SPF

565

908

1464

2422
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Table 5.2: Minimal, average and maximal specic investment costs for a Li
BSS with 200 kW/ 400 kWh, based on [138] [261] [249] [246].

Commercial product

Cost

R
[ EU
kW h ]

min.

av.

max.

375

711

983

It can be seen that the cost range for both technologies is very high, but for
LiB the cost range is not as large and the CAPEX are generally lower [260].
Furthermore, cost reduction potentials are currently mostly discussed for
lithium-ion batteries, since the amount of available data for cost learning
curves is much broader [207].

Additional Economic Parameters
For the OPEX a value of 2 % of the minimal I0 is assumed, which includes the
replacement costs of components during the life time [137]. The internal rate
of return is set to 4 % [249] and the lifetime for the BSS to 15 years [137,249].

5.3.2 Modelling of the Operation Strategy
All parameters that have to be determined for this operating strategy are
schematically depicted in Fig. 5.8. The optimisation of the battery optimisation is mainly a maximisation of the PCR revenues and a minimisation
of expenses for trading correction energy at the intra-day market. In order
to achieve this, the available charging/discharging power has to be allocated
between the power that is pre-qualied at the PCR market and the power
that is used to adjust the charging level of the battery. Furthermore, the
SOC limits at which intra-day trades are triggered have to be determined.
The pre-qualied power Ppq determines the theoretical revenues and the
usable capacity of the BSS. As described in subsection 2.2.2 the power of the
BSS is only constant within a certain power dependant SOC range. The lower
and upper limit of this interval is dened as availability limit SOCav,min and
SOCav,max . Outside these availability limits the BSS does not reach its full
power, thus limiting the usable capacity to the capacity interval within these
limits.
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Power distribution

Corrective power Pcorr

Capacity distribution

Upper availability limit SOCav, max
Upper correction limit SOCcorr, max
Target state of charge SOCopt

Pre-qualified power Ppq

Lower correction limit SOCcorr, min
Lower availability limit SOCav, min

Figure 5.8: Schematic of the variable operation strategy parameters for the
PCR-model.
As stated before, the maximum available power of the BSS must be divided between the power to correct the SOC and the power oered at the
PCR market. The 30-min period until the transaction is eective is critical.
In view of the depicted eciency losses of the storage system and the asymmetrical position of the availability limits, the upper and lower correction
limits are to be determined individually. In order to determine the correction limits, the assumption is made that the availability limits should not be
exceeded even in a particularly over- or under-frequent month, even if the
SOC is already at the corresponding correction limit at the beginning of the
month. The heavy load month was used to determine the upper availability
and correction limit and the synthesized under-frequent month was used for
the lower limits (grid frequency times-series are depicted in Fig. 5.7).
To ensure that the SOC stays within the availability limits, energy is traded
at the intra-day market. This transaction increases or decreases the active
power with a delay of 30 minutes for the delivery period of 15 minutes [122]
by the contracted value, and is dened as the DOF schedule transactions.
Besides this cost-generating DOF there are additional DOF that can be used
to keep the SOC close to the target SOC at no extra costs: dead-band,optional
over-fullment and permissible operating range. These DOF are integrated
into the simulation model as well (Fig. 5.9).
The P(f)-characteristic, as dened in [262], is the basis of provision of PCR
and the active power control of the BSS. As described in detail in [263], the
DOF can be used to regulate the SOC by deviation of the required PCR
power PP CP , resulting in a new PP CP,new . The DOF schedule transactions
is triggered when the SOC surpasses a threshold dened as correction limits
SOCcorr . Therefore, the SOC interval between SOCcorr,max and SOCcorr,min
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is narrower than the interval between the availability limits, since it has to
be secured that the SOC does not surpass the availability limits during the
30 min delay (Figure 5.8). For the three DOF which are free of charge the
actual SOC of the time-step and the set target value SOCopt (in this study
set to 60 % due to the low BSS eciency), as well as the absolute value the
of frequency f and the direction of the actual frequency deviation ∆f are
essential inputs. All DOF can be used separately or combined.
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The dead-band can be applied for 50 Hz± 0.01 Hz and
PP CP,new is calculated as follows:

Primary frequency
control

Voltage control
Voltage at point of
common coupling V

Grid frequency f
P(f)-characteristic

PP CP,new

Degrees of
freedom

∆f
=
· Ppq (5.9)
0.2 Hz

SOC ≠ SOCopt

Ppq
30

−0.01Hz < Δ f < 0

V

(5.11)

This DOF is stopped in case
of a change of sign between two
time-steps (e.g. change from
charge to discharge)
The nal PP CP,new value calculated after applying all three
DOF free of charge is limited to
Ppq .

SOC < SOCopt

SOC > SOCopt

PP CP,new = 1.2 · PP CP . (5.10)

max (|∂PP CP |) =

SOC

charge

discharge

If the DOF optional overfullment is used, the PP CP
according to the P(f)-characteristic
is exceeded by 20 %.

When making use of the
permissible operating range the
power gradient ∂PP CP is restricted to the permitted ramp
(30 seconds until full activation), instead of using the fast
reaction time of BSS.

PCR value PPCP

f

no

0 < Δf < +0.01Hz

yes

yes

Dead band

Dead band

SOC > SOCopt

SOC < SOCopt

PPCP < 0

PPCP > 0

Optional
overfulfillment

Optional
overfulfillment

SOC > SOCopt

SOC < SOCopt

PPCP > PPCP,t−1

PPCP < PPCP,t−1

Permissable
operating range

Permissable
operating range

SOC > SOCcorr, max

SOC < SOCcorr, min

Schedule
transactions

Pcorr

PPCP, new
∑

Schedule
transactions

Pcorr

Q(V)characteristic

QAC

PAC
Battery model
Change of SOC
∆SOC

|PP CP | ≤ Ppq

(5.12)

Figure 5.9: Operating strategy model of
grid supportive BSS providing
Finally, the DOF schedule
PCR.
transactions is activated if the
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availability of the BSS is endangered. The voltage time series that is needed
as input data for the reactive power control is taken from measurements from
the year 2013 at the point of common coupling of the BSS. Two worst case
months were identied, each with a particularly high or low reactive power
consumption corresponding to the annual average.
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Figure 5.10: Q(V)-characteristic used for the reactive power control.
To dene the points of the Q(V)-characteristic, shown in Fig. 5.10, the
maximum voltage limits according to DIN EN 50160 of ±0.1 p.u. are taken
as a basis [41]. Furthermore, a measurement uncertainty of ±0.01 p.u. is
taken into account [26]. Since a maximum voltage drop of 0.04 p.u. can
be assumed [18], V4 is set to 1.05 p.u. (1.1 p.u. - 0.01 p.u. - 0.04 p.u.). In
order to keep the Q(V)-control stable a slope of the 11%/V (phase-to-groundvoltage) is proposed by [45] which results in the value of 1.027 p.u for V3 .
Since the Q(V)-characteristic is assumed symmetrical to the origin [45], V2
and V1 result. A PT1-element is assumed with an amplication factor K=1
and a time delay of T=5 seconds [45].
In order to maximise the net present value with this operation strategy, the
maximum Ppq that can be provided with the given BSS has to be determined.
At the same time the availability of the BSS to provide PCR and reactive
power control has to be assured at all time. For this reason Ppq was varied
in 5 kW steps and tested for the worst case scenarios described before.
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5.3.3 Results of the Parameter Determination for a Prot
Maximizing Operation
For the PCR operation strategy the worst-case time series for frequency and
voltage at the PCC were used for an iterative simulation, by changing the
pre-qualied power. Thus, the upper and lower correction limit as well as
the corrective energy can be calculated. From an economic point of view,
the combination of pre-qualied power, upper and lower correction limits is
optimal, when the PCR revenue are maximised and at the same time the
costs of the correction energy are minimised.
Table 5.3 lists the parameters, which are calculated with a brute force
optimisation/ parameter variation, as described in subsection 5.3.2, for the
scenario with the maximum dierence between PCR-revenue and corrective
energy costs. For a pre-qualied power higher than Ppq = 175 kW the availability of the BSS to provide PCR and reactive power control can not be
ensured.
Table 5.3: Optimal parameters for the PCR operation strategy.

Parameter

Pre-qualied power
Corrective power
Target value
Upper corrective limit
Lower corrective limit
Upper availability limit
Lower availability limit

Value

175 kW
25 kW
60 % SOC
65 % SOC
47 % SOC
72 % SOC
22 % SOC

The results in Table 5.3 show that both the availability and the correction
limits are arranged asymmetrically around the SOC of 50 %. Due to the
eciency losses during charging and discharging of the battery, the target
value and the correction limits are just below or above the SOC of 50 %.
Furthermore, it can be seen that due to the battery losses, the distance
between the upper correction and upper availability limit is substantially
less than the distance between the lower correction and lower availability
limit.
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5.4 Field Test Validation of the Prototype Applying
a Grid Supportive Primary Control Reserve
The behaviour of the VRFB prototype, providing a grid supportive PCR, as
well as the identied parameters for the operating strategy were tested and
validated through various measurements in the eld.
The results and evaluation of the pre-qualication test (see subsection
5.4.1), as well as the eld tests for the use of individual degrees of freedom
(see subsection 5.4.2) and the identied operating strategy (see subsection
5.4.3) are presented below.

5.4.1 Pre-qualication Test for Primary Control Reserve
According to the pre-qualication criteria for BSS for the PCR market, described in subsection 4.2.1, the usable capacity of the storage system is determined using the variant 1 of the Doppelhöckertests according to [190] (see
Appendix B.4). The usable capacity for the SPF prototype has been determined using a pre-qualied power of 175 kW in the eld. The result of
this test for the provision of negative PCR (charging the BSS) is depicted in
Figure 5.11.
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Figure 5.11: Pre-qualication test of the BSS with the calculated prequalied power of 175 kW. The grey area represents the usable
capacity of the BSS for the provision of negative PCR, determined with the test.
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The black line of Figure 5.11 shows the active power of the BSS and the
red line the SOC of the BSS. The SOC is 0 % at the beginning of the test.
According to the pre-qualication test criteria the system provides twice the
full pre-qualied power during 15 minutes with a break of 15 min in between.
After another 15 minutes break the pre-qualied power of 175 kW is provided
again until the power is reduced automatically by the BSS, as the upper
availabilty limit of 72 % is reached (see also Table 5.3).
The resulting usable capacity Euse for providing negative PCR is depicted
by the grey area in Figure 5.11 and is 368.25 kWh. Thus, it is shown that
the 15 and 30-min criterion described in subsection 4.2.1 can be fullled.
The tests for providing positive PCR are also passed, since the discharging
eciency is slightly better as for charging and is therefore not depicted.
Besides measuring the usable capacity it is shown, that the control system
of the prototype is able to full the requirements with a precise and fast
response of the BSS.

5.4.2 Testing the Implementation of the Degrees of Freedom in
the Field
In this section the eld test implementation of the degrees of freedom deadband, optional overfullment, permissible operating range and schedule transactions presented in subsection 4.2.1 are shown and discussed.
Figure 5.12(a) and Figure 5.12(b) show the measured values of the BSS
operation with the implemented DOF dead-band. In Figure 5.12(a) the behaviour of the BSS is depicted for the case that its SOC is below the SOC
target value and in Figure 5.12(b) it is vice versa. For both cases the deadband interval of 50 Hz±0.01 Hz is marked in red. The black line represents
the power that has to be provided according to the P(f)-characteristic in
% of the pre-qualied power and the measured data are depicted as grey
dots. These dots are aligned with the requested power. In Figure 5.12(a)
the dead-band is used by the BSS to reduce its power provision between
49.99 Hz to 50 Hz and thus not to discharge the battery any further in this
range. At the same time the dead-band interval from 50 Hz to 50.01 Hz is
used to charge the battery within the permitted range which is given by
the linear P(f)-characteristic. In the right Figure 5.12(b) it is vice versa, as
the SOC is higher than the target SOC value and the dead band is used to
discharge the battery as much as possible.
The spread of the measured data around the set-point can be explained by
the relatively slow one-second measuring intervals, compared to the reaction
speed of the battery system which occurs in milliseconds. Thus, the measured
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values are delayed. In case of jumps from one set-point to the next, depending
on the exact measuring moment, a inaccurate value may be recorded. The
measured values are therefore scattered around the set-points. The closer
the values are to the nominal frequency the larger are the deviations, since
these frequencies occur more often and more jumps occur around the nominal
frequency.
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Figure 5.12: Implementation of the DOF dead band : (a) shows the data for
a SOC of the BSS below the SOC target value and (b) shows
the behaviour of the BSS if its SOC is higher than the target
value.
Similar to the DOF dead-band discussed before, the measured data for
the DOF optional overfullment are depicted in Figure 5.13(a) and Figure
5.13(b). In these graphs the set points for optional over-fullment are marked
as a dotted line, additionally to the P(f)-characteristic. In Figure 5.13(a) it
is shown that, in case of a SOC below the SOC target value for frequencies
higher than the nominal 50 Hz (and the dead-band), the DOF optional overfullment is applied by the BSS to recharge (marked in red). For frequencies
below the nominal value the normal P(f)-characteristic is applied. In case of
a SOC higher than the SOC target value the behaviour of the BSS is vice
versa, as shown in Figure 5.13(b).
For the DOF permissible operating range a similar gure is not suitable,
due to the mentioned delay in the measurement and its implementation in
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Figure 5.13: Implementation of the DOF optional over-fullment : (a) shows
the data for a SOC of the BSS below the SOC target value and
(b) shows the behaviour of the BSS if its SOC is higher than
the target value.
the BSS, and is therefore not depicted.
The BSS parameters of Table 5.3 are applied to a simulation of the operation strategy (shown schematically in Fig. 5.9) and are used to illustrate
the behaviour of the BSS for these parameters. For this purpose, the required PCR power, the active power and the SOC of the BSS are depicted
in separate graphs in Figure 5.14 for a time period of six hours.
In Figure 5.14(a) the course of the provided frequency dependant power
P (f ) according to the P(f)-characteristic is shown. In the time steps during
which the P (f ) is zero the frequency is within the dead-band. The dotted
line show the adjusted power PP CP that is provided by the BSS according to
its SOC, if the DOF are used which are free of charge (see also Figure 5.14).
Within the period marked in red, rst there is no dierence between P (f )
and PP CP , since positive control power is demanded but the SOC is below
the SOC target value SOCopt . Shortly after this period, the grid frequency
is within the dead-band and P (f ) is zero. However, since the frequency is
higher than the nominal value the DOF dead-band is used to recharge the
BSS and PP CP becomes negative. Furthermore, the BSS applies the DOF
optional over-fullment and thus the PP CP values (dotted line) become more
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negative than the P (f ) values.
In Figure 5.14(b) the total active power PAC that is provided by the BSS
and PP CP (same PP CP of Figure 5.14(a)) are depicted. In this graph the
signs of the power are switched, since the power values are depicted in the
more common load perspective which is also used for the load ow calculation. Due to the DOF schedule transactions the values of PP CP are shifted
to more positive values in order to recharge the BSS. The energy purchased
in the scheduled transactions are marked as grey surfaces Ecorr . In all other
time steps the PAC is identical with PP CP . A delay of 30 minutes in between
the moment which the energy is purchased to the moment in which it is
delivered can be seen some minutes before 3.00 o'clock. At this time step
the SOC is below the lower correction limit and the energy is purchased.
30 minutes later the contract is fullled and the energy is delivered and the
SOC starts to rise again.
The corresponding SOC, the upper and lower SOC correction limits and
the target SOC SOCopt value are depicted in Figure 5.14(c). It can be seen
that the SOC stays at the lower limit and does not reach SOCopt . However,
the SOC does not decrease too much within the depicted time period, such
that the pre-qualied power can be provided in every time step.
A more detailed analysis of the battery behaviour and the evaluation of
the individual DOF, which are free of charge, as well as the provision of
reactive power will be shown and discussed in the following section.
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Figure 5.14: Illustration of the parametrised operating strategy with implemented degrees of freedoms. (a) Demanded PCR power with
and without application of the DOF free of charge. (b) Active
power of the SPF-prototype with and without the application of
the DOF. (c) SOC and SOC limits. The interval marked in red
depicts the timespan from activation of a scheduled transaction
until its fullment (45 minutes).
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5.4.3 Validation of the Battery Model and the Operation
Strategy in the Field
A multi-week eld test with the determined parameters demonstrates the
performance of the grid-supportive PCR operation strategy, depicted in Figure 5.15. During the whole time, reactive power according to the Q(V)characteristic is provided (red curveFigure 5.15(a)). As can be seen in Figure 5.15(a), the maximum requested frequency dependant PCR-power P(f)
is only 20 kW, or 8.5 % of the pre-qualied power during this period (grey
curve).
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Figure 5.15: Excerpt from the eld test of the grid-supportive PCR operating
strategy, 03.-17.08.16. (a) Provided active PAC and reactive
power Q(V) of the BSS and frequency dependant PCR-power
P(f) (generator perspective). (b) Measured and simulated SOC
and correction limits.
However, this could be expected, due to the stochastic distribution of the
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frequency uctuations (see Figure 4.9). In Figure 5.15(a) PAC is shown, too.
PAC is is the active power, measured at the PCC of the BSS. It can be
seen that during the eld test the DOF are exclusively applied to charge the
battery.
This unsymmetrical application of the DOF (they are mainly used to
recharge the BSS) is also reected in the SOC (Figure 5.15(b). Due to
the low system eciency, the used battery capacity interval is narrow and
oscillates around the lower correction limit. Thus, the target value of 60 %
is never reached.
For the validation of the battery system model for the PCR provision
(section 5.2), the battery parameters were measured during the two weeks
mentioned above in the grid-supportive PCR operating mode providing active and reactive power. Ex-post, the SOC curve was simulated by using the
calculated active and reactive power as input parameters according to the
measured frequency and voltage at the PCC, as depicted in Figure 5.9. For
the entire measurement period, a very good match between simulation and
measurement was achieved as shown in Fig. 5.15(b), with a relative error
of 2.5 % (Least Squares Method). However, the simulated SOC is usually
slightly ahead of the measured SOC. This is due to the inertia of the SOC
measurement, which is not represented in the model. In this BSS prototype,
the SOC is measured via the open circuit voltage of a stack to which no load
is connected. Since the electrolyte of the stacks connected to the load has to
be mixed with the electrolyte in the tanks before it is pumped into the idle
stack, the changed SOC is measured with a certain delay. This delay was
quantied to vary between 0-19 minutes.
The evaluation of the eld measurements shows that the overall system
eciency, especially at low power, is not very high: The BSS eciency over
the period depicted is 30 %. When the pumping power is taken into account,
it is even lower at approximately 23 %. This is considerably lower then for
LiB of a similar size, since 72 % round-trip eciency is reported in [264] for
the same application. These low values can mainly be attributed to a low
eciency of the power electronics if they operate at less than 10 % of their
nominal power (similar to [264]).
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5.5 Technical and Economic Assessment of a Grid
Supportive Vanadium Redox Flow Prototype for
Primary Control Reserve
In this section rstly, the applied degrees of freedom and the grid supportive
behaviour of the BSS are assessed from a technical and economic point of
view. Then, the business model of providing a grid supportive PCR with
a VRFB is evaluated and compared with a LiB battery providing the same
service.
The basis of the economic analysis is a life cycle cost analysis, as described
in detail in [21]. With this method, all cash ows before and after any selected
reference time are assigned a present value. For this purpose, all expenses
and revenues that occur during the life cycle are accumulated or discounted
to the reference date with a specied interest factor. The net present value
is the sum of all the discounted future cash ows. The NPV is the decisive
value to evaluate whether an investment is protable or not.
The system design of the BSS is given, hence the CAPEX are xed. Furthermore, disposal costs are neglected, since at the end of the life cycle the
electrolyte of a VRFB can still be used and earn revenues [203].

5.5.1 Technical Assesment
The technical assessment is an evaluation of the DOF and the grid supportive behaviour of the VRFB providing PCR. It is not possible to provide
PCR with the analysed BSS without the application of the DOF schedule
transactions. Therefore, an operating mode for the discussed grid-supportive
operation strategy, which uses this DOF, is only used as a reference scenario
in order to evaluate the eciency of the other optional and cost neutral DOF,
as well as the costs incurred by the reactive power provision. As depicted
in Fig. 5.16, the comparison of the individual DOF shows that they dier
signicantly in their contribution to reduce corrective energy that has to be
traded at the intra-day market with the DOF schedule transactions. When
all cost neutral DOF are employed, the corrective energy can be reduced by
approximately 20 %.
However, the economic eects of the DOF are low, as the net revenues
only increases by 0.9 %, 1.1 %, and 0.08 % for the DOF dead-band, optional
over-fullment and permissible operating range, respectively. If all optional
DOF are used, the delta net revenues sum up to 2.1 % or a monthly extra
revenue of 45.89 EUR. Although, in one third of the simulated time-steps
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Figure 5.16: Reduction potential of the DOF and energy demand of the voltage control.

the battery has to be charged via intra-day transactions and although over
40 % of the total energy is due to corrective energy, the total costs of the
corrective energy (with all DOF) amount only to 7 % of the revenues.
For this same reason, the impact of the provision of reactive power is minimal. This results from a simulation with all DOF, but without a reactive
power supply (right column in Fig. 5.16). For the analysed PCR prototype,
the monthly expenditures increase by only 14 EUR for additional correction
energy needed to provide this service. It can be concluded that the resulting additional cost burden for a grid supportive behaviour of a BSS system
providing PCR is very small.

5.5.2 Economic Assessment
The resulting cash-ows and net present values (NPV) for the PCR business
case is presented in this section. As described before (section 5.3.1), realistic
frequency, grid and economic parameters are used for the analysis of the
PCR business case. In Table 5.1 the dierent CAPEX and in Table 5.3 the
operation parameters of the VRFB that have been used for the economic
analysis are listed.
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Cash-ows
In Figure 5.17 the annual cash ows without discount for the PCR business
case for one VRFB prototype and a LiB are depicted. To participate in the
PCR market, a minimum of 1M Wpq pre-qualied power must be oered.
Furthermore, the (n-1)-criteria has to be fullled. This means that for the
examined prototype a pool of seven BSS with an oered power of 175 kW per
BSS has to be in service. The displayed cash ow corresponds to a pool of
the seven BSS. The comparison of the revenues and costs shows that, despite
the low eciency of the VRFB system, the annual PCR revenues are more
than twice as much as the considered expenditures.
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Figure 5.17: Yearly cash ows of a 1 MW-pool of the analysed system design
for VRF and Li-Io.
For the LiB, the costs for the intra-day trade are adapted according to [246]
and the costs for the reactive power provision is calculated proportionally (see
Appendix B.8). The costs for the provision of reactive power for the grid
supportive behaviour of the BSS are included in the intra-day trading costs
(around 7 % of the ID trading costs). For both technologies the additional
costs for the reactive power provision are less than 1 % of the revenues.
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Net present value
The calculation and comparison of the net present values, as depicted in Fig.
5.18, shows that the business case is currently only protable for the LiB,
which is sized with the same energy to power ratio (2:1) as the SPF prototype
and when assuming a best case CAPEX. For both battery technologies the
investment costs listed in Table 5.3 are considered. If the CAPEX of the
SPF prototype are considered, the business case for this prototype is far
from protable, hence this case is not displayed in the graph. The negative
NPV for the VRFB is mainly due to the high investment costs, as the net
cash ow is positive as shown in Figure 5.17.
The result for the PCR-case matches with current investigations in which
LiB-systems can be operated protable at the PCR market under optimistic
assumptions [247, 249], however for VRFB the investment costs have yet to
fall [147]. The investment costs of VRFB technology would have to decline
by 30 % compared to the minimal CAPEX and by 60 % compared to the
realistic (average) CAPEX in order to achieve a positive net present value.
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Figure 5.18: Net present value of the PCR application for LIB and VRFB.

Sensitivity Analysis of the Most Signicant Economic Parameters
The inuence of the PCR market price and the specic investment costs on
the protability of the grid supportive PCR application is depicted in Fig.
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5.19. The marginal price at the PCR market represents, in this case, the
average weekly bidding price at which a NPV of zero can be achieved. In the
graph all price-investment-combinations that are on the dotted lines reach
a NPV of zero. Furthermore, the economic results of the VRFB and the
LiB presented in this work are compared with the results of the economic
analysis for LiB discussed in [247]. In [247] similar assumptions are made as
in the analysis in this work: lifetime 14 years (this work: 15 years), OPEX
2 % of CAPEX (same as in this work), discount rate 5% (this works: 4 %),
same E2P ratio, CAPEX and market data for same year. For the BSS that
is presented in this work the average CAPEX is shown (triangular marker),
and for the LiB of [247] two E2P ratios with their respective CAPEX are
depicted in Fig. 5.19. In order to evaluate the protability the yearly weekly
average power price for the last three years is also depicted. The comparison
of both technologies shows that the investment costs of the VRFB has to
fall at least by 27 % to be competitive with the LiB presented in this work.
If the assumptions of [247] are considered for a LiB with the same system
size (E2P-ratio of 2:1) the CAPEX have to fall even further by at least 45 %.
Compared to [247] the application of the LiB presented in this work is less
protable, due to the more conservative cost calculation (see Appendix B.8)
and additional cost assumptions, e.g. the additional purchased energy at the
ID market due to the grid supportive behaviour of the BSS. However, if longer
lifespans are considered, as for example 26 years in [250], the analysed VRFB
is close to break even (30 years for a positive NPV) if all other assumptions
of the year 2015 are kept constant.
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Figure 5.19: Marginal PCR capacity price as a function of the specic investment of the BES. All price-investment combinations of the black
and grey lines reach a net present value of zero. The red, blue
and green line represent the yearly weekly average power price
for 1 MWpq for the last three years. The data for the VRFB are
LiB are own calculations, while the data for the LiB are taken
from [247].

5.6 Chapter Summary
It is shown that the examined VRF-battery could be parametrised by modelling the operating strategy and the BSS. After this parametrisation the
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BSS was able to provide a grid supportive PCR. Furthermore, the economic
relevance of the low eciency of the VRFB at low powers is small, since the
energy costs to recharge the BSS account for only a small proportion of the
PCR revenue. For this reason, the economic impact of the free degrees of
freedom is also very low and costs for the provision of reactive power does not
represent any signicant additional costs. Unfortunately, under the current
legal framework, this grid supportive behaviour is not remunerated. Thus,
private-sector battery operators have no incentive to provide this service at
the moment.
For a protable PCR business case the investment costs and the possible
PCR revenue are the determining factors. While LiB can achieve positive net
present values due to lower eciency losses and lower CAPEX, investment
costs for VRFB are still 30 % and 60 % and therefore too high to break even.
The analysis highlights the current investment uncertainty for battery
projects as well as their potential impact on the market if the investment
costs continue to decrease. For the investment decision the system, the
system design requirements and the legal framework which are currently
changed at EU level, are decisive.
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6

Technical and Economic Assessment
of Grid Supportive BSS Providing
Self-Consumption

The rst application of community storages in Mesopotamia date back to
8,500 BC [265]. In this early age they were used to store wheat that had
been harvested by individuals of a community, since it was more eective
to store wheat in community storages than in smaller units [265]. These
storages even lead to the rst accounting systems and as a consequence to
the development of a rst writing system in order to record how much grain
was stored by who [266]. The same idea is applied at present by community
electricity storages to electrical energy. As the self-consumption business
case has the highest cost reduction potential it is one of the most common
applications for storages in Germany, especially for households (see section
4.1). If and how this applications can be adapted to large scale BSS is subject
of this chapter.
The legal framework and the possible revenue streams, for dierent use
cases is presented in section 4.3. Since self-consumption is not a market
driven application with standardised products, but a cost reduction application, the technical restrictions on the BSS and the operation strategy are
much less demanding. Thus, there are plenty of dierent operation strategies for this application and the most suitable for the purpose of this thesis
is identied st. In order to do that, dierent large scale storages projects
for self-consumption maximisation, which are realised in Germany and their
operation strategy are reviewed and categorised in section 6.1. In the next

131

Chapter 6 Battery Storage Systems Providing Self-Consumption
step, in section 6.2, the two most promising operation strategies are analysed in detail for a whole year for dierent load proles, to investigate their
robustness. These self-consumption strategies were designed for residential
storages and were chosen, because of a more extensive literature for RES,
which in turn exists, because it is the most common application in Germany
at present. Nonetheless, the results and the operation strategy can be transferred easily to large scale BSS. This adoption is conducted in section 6.3,
in which the most promising self-consumption strategy is adapted to VRFB
prototype in the pilot region. In contrast to the analysis of the PCR application of chapter 5, this application is only analysed theoretically and not
applied in a eld test. Nonetheless, the battery is modelled using measured
data and adapted to the requirements of the self-consumption maximisation
operation strategy, as described in section 2.4. In section 6.4 the results of
the technical and economic assessment of the grid supportive VREB in its
application as a Community Electricity Storage are discussed. Finally, the
chapter is concluded in section 6.5

6.1 Review of dierent self-consumption strategies
for large scale BSS
Although theoretically the larger community electricity storages have a great
cost reduction potential compared to residential electricity storages, as shown
in section 4.3, the legal framework is more favourable for RES than for CES,
resulting in additional burden of extra fees and taxes for CES. Their respective operation strategies however, can be transferred and classied into
the following four categories [34, 37]: direct loading (a), schedule mode (b),
peak shaving (c) and based on a forecast (d). A more detailed description
and quantitative comparison of the control strategies for residential systems
is presented and analysed in section 6.2. Although being very similar, the
control strategies for CES are dierent, since the incentive programme introduced by the German government only supports storage systems for grid
connected PV systems up to 30 kW [37]. As a consequence, CES do not
have to limit the rated power of the DG PrDG . For the following graphs
it is assumed that the CES is connected to the LV and the yearly energy
consumption is equal to the energy production of the DG in the LV grid.
It is assumed that all DG are PV systems. As suggested in [267] the ratio
between capacity and the rated power of the PV system is 1:1. The implementation of the dierent operating strategies of the German CES projects
listed in Table 4.6 are sorted in four categories (a)-(d):
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(a) Direct loading
The generated energy is directly stored in the BSS if the residual power
Pres of load and generation is positive. This simple strategy maximises
the self- consumption rate,as it ensures that the BSS is loaded as soon
as possible. Drawback of this strategy are the steep gradients depicted
in Figure 6.1 and that, depending on the battery capacity, an excessive
feed-in to the grid might occur during peak irradiation around noon, if
there is no PV power limitation on the power of the PV systems.
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Figure 6.1: Ratio of residual power Pres to rated power of the DG PrDG
for an exemplary day, for the operating strategy direct loading
(generator perspective).
A grid compatible operating strategy using direct loading to ensure
a maximal renewable energy self-consumption rate (RESCR) is used
by [224] and [225]. In [224] the BSS is placed in the LV side of a micro
grid with DG, which is connected to the public grid via one MV/ LV
transformer. The charging and discharging of the battery is calculated
in 1-hour steps, from measured and synthesised time series. The main
dierences, compared to [224] are that in the CES project of [225] the
generation and load of every participating prosumer is measured every
5-7 seconds and that the BSS is not necessarily placed at the same location as the DG and consumers. The idea of this project is that every
participant may use a part of the battery that is virtually partitioned to
increase the individual self-consumption ratio.
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(b) Schedule based strategy
In this strategy, the time to charge the battery will be shifted to a typical
time with high radiation. The schedule mode with constant charging
power is depicted in Figure 6.2 showing a more favourable behaviour
from a grid perspective because feed-in peaks as in the direct loading
strategy are prevented.
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Figure 6.2: Ratio of residual power Pres to rated power of the DG PrDG
for an exemplary day, for the operating strategy schedule mode
(generator perspective).
Nevertheless, the self-consumption rate might be reduced, as for days
with lower radiation the BSS might not be fully loaded. Several strategies
have been proposed for this purpose. The main dierences between [268,
269] and [270] are that [268] and [269] propose a starting point around
noon and charge the battery with full power whereas others, while [270]
suggest a constant charging power over a larger period. To the author's
knowledge, there is currently no CES project in Germany using this
strategy.
(c) Peak-shaving (load levelling)
The main objective of the peak shaving strategy (Figure 6.3) is to avoid
OV and OL issues by limiting the power at the PCC and using the
remaining residual power to charge the battery [267, 271, 272].
The limitation of power at the PCC should be based on the voltage at
the PCC, the power range of the battery, and the PV penetration of
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Figure 6.3: Ratio of residual power Pres to rated power of the DG PrDG
for an exemplary day, for the operating strategy peak-shaving
(generator perspective).
the grid [271]. The main objective of this strategy is to not surpass a
certain level of Pres /PrDG at the PCC of the BSS. There are mainly
three possibilities to achieve this aim:
(i) The battery is sized for the worst case, e.g. the day with the highest
irradiation and no load, as in [20].
(ii) The power of the DG is curtailed in case of a full battery, as depicted in Figure 6.3 and described in [272].
(iii) Instead of curtailing the DG an additional load is used to reduce
the residual load by using, for example, power-to-head [273].
This grid supportive operating strategy is applied to large scale BSS
by [14], [20], [227] and [228]. The focus of the IRENE project [20] lies
on grid expansion relief. Therefore, one or several BSS are dimensioned
and placed strategically in the LV to mitigate the total feeder RPF to
70 % of the cumulated PrDG of the respective feeder in which the BSS
are installed. Additionally to this active power control, a reactive power
control is implemented. The calculation of the set-points of P and Q are
calculated externally and not by the BSS itself. [20]
Similar to the aforementioned project the BSS in Fechheim [227] limits
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the power to 40 % of the cumulated PrDG of feeder in which the BSS is
allocated with an active power control and uses a reactive power control
to reduce the voltage in the case of a fully loaded storage [227].
The aim of the SmartOperator project [228] is to minimise voltage deviations and line utilisation. The BSS is dimensioned to enable a peak
shaving of 50 % of the installed PV power in a certain area for a period
of 5 hours [228] based on initial studies by [274]. A learning algorithm
is used to calculate the forecast of generation and load as well as future
grid states, based on real time data of voltage and current [230]. This
forecast is used to calculate the active and reactive power ows of the
BSS to ensure peak shaving of the PV systems and that the voltage values of the grid nodes stay within given thresholds.
The advantage of peak shaving is that critical voltages might be avoided
by limiting the feed-in power. The voltage can be further reduced by
absorbing reactive power. In terms of self-consumption maximisation,
cloudy or foggy days with reduced radiation may be problematic and
can result in reduced self-consumption, as the BSS is not fully charged.
On the other hand, during high irradiance days, the power curtailment
is high, as can be seen in Figure 6.3 for case (ii). However for case (i)
and (iii), the additional investment costs have to be considered critically. This applies in particular for case (i) in a distribution grid with
many wind generators, as in this case the energy to power ratio of the
BSS needs to be higher as for distribution grids with high shares of PV
systems [274]. To avoid these losses or additional investment, an optimisation of the power ow based on a forecast is proposed in the following
strategy.
(d) Forecast based strategy
This strategy uses load and weather forecast data to adjust the charging
power and feed-in power to achieve a fully charged battery at the end of
the day and/or avoid OV and OL (Figure 6.4).
A control loop throughout the day corrects the deviation from the forecast data. This strategy reaches the highest self-consumption rate after
the direct loading strategy while still being grid supportive. This is due
to the lower curtailment losses compared to other strategies, as shown
in [198] and in section 6.2. The main distinctions of this strategy are the
forecast techniques. Principally, the previously published studies can be
divided into four classes :
(i) Studies using a perfect forecast [267, 275].
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Figure 6.4: Ratio of residual power Pres to rated power of the DG PrDG
for an exemplary day, for the forecast based operating strategy
(generator perspective)
(ii) Studies using synthetic forecasts (modied measured time series)
[232, 276, 277].
(iii) Studies based on external weather-based forecast from meteorological services [273, 278280]
(iv) Studies that base their forecast on a persistence method based on
values measured by the PV-system [198, 276, 281]
Obviously, no prediction errors apply to a perfect forecast. The only
distinction is the time resolution, which in the case of [267] is 1 minute
and in the case of [275] is 15 minutes.
One proposition for modelling synthetic forecast, which has been presented by [277] and also used by [232], uses the Spherical Harmonic
Discrete Ordinate Method [282]. In this model measured data is used to
generate the global solar irradiation at ground level for the next days.
By forecasting the weather data a minute-based PV power is calculated
taking into account the orientation and angle of the power plant. An
error analysis of the model has shown that the average error (rRMSE)
of the weather forecast for the next day for a given site is 32.5 %. This
is very close to the accuracy of approximately 30 % of current numerical
weather prediction models for Central Europe [283]. The value increases
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for a longer forecast horizon. Instead of a physical model, [276] uses a
noise sequence to fabricate a forecast based upon the hourly average of
the measured data. This results in an hourly forecast for the next day
with a rRMSE of 30 %.
Several studies use external weather forecasts and calculate the AC power
prole of the PV system according to predicted irradiance instead of
synthesising the forecast data. A simple forecast method in which the
historical data of the solar irradiance and the predicted weather conditions (sunny, cloudy, rainy) are used to calculate the PV prole in 1 hour
steps is presented by [278]. Also on an hourly basis, [279] predicts the
PV power output for dierent region sizes in Germany based on forecasts
for up to three days ahead that are provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF). For a single site and
day ahead forecast the rRMSE is 36 % could be quantied. Since the
rRMSE decreases as the examined area rises, for the whole of Germany
the rRMSE is 13 %. Another study uses the irradiance forecast based on
the Weather Research and Forecasting (WRF) model [284] and evaluates
the deviation of the measured irradiance values of a pyranometer (5-8 %)
and the PV power output (3-5 %) on a 15 minute base for a PV plant
in Italy [280]. Historical forecast data of irradiance and temperature in
1-hour steps from Meteotest [285] has been used by [273] to calculate
the PV output power and it is shown that the RESCR decreases by 15 %
if forecast errors are taken into account instead of assuming a perfect
forecast.
The persistence forecasting method is based on extrapolating the current or recent PV power plant output taking into account the changing
of the sun angle. Since the persistence is based on a stochastic learning technique from a historical pattern, the accuracy highly depends on
the forecast horizon due to the change of cloudiness [286]. The forecast method is suitable for minute based forecasts for a given location.
For simulation purposes, an autonomy forecasting using a learning algorithm is more preferable compared to the one that depends on the
global weather data. The dierences between the dierent persistence
forecasts arise in the algorithms used to predict the load and PV output and the values that are used to correct the intra-day deviation from
the forecasted values. [276] uses a synthesised forecast data with a noise
and a learning algorithm based on historical data to adapt the charging
algorithm to the PV output and load within the day. Also [232] uses a
synthesised PV forecast; concerning the load an easier method is proposed by predicting it based on the load prole of the past ve days. In
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this method, the day is divided into three periods: midnight to sunrise,
sunrise to sunset and sunset to midnight. Using the arithmetic means
of the past ve days, the load proles of each period determine the load
for the next two days.
Fully autonomous persistence, which is not dependent on an external or
synthesised forecast, is presented in [198] and [281]. In [198] a method is
used that assumes a load prole for the predicted weekday, identical to
the load prole of the weekday from the previous week, and predicts the
PV for the next day based on the day before. To correct prediction errors within the day a proportional plus integral controller (PI-controller)
adjusts the feed-in limit by constantly comparing the dierence between
target and actual SOC. The load prediction in [281] is the same as beforementioned. The study also shows that the forecast of the PV output
has a stronger impact on the curtailment losses and self-suciency rate
than the load forecast compared to a perfect load forecast. Therefore,
an elaborated method for the PV persistence forecast is applied, which
is presented in detail in subsection 6.3.5. The main dierence to [198]
and [232] is that the optimisation for the day is conducted only once
and the correction due to forecast errors is done by comparing the forecasted SOC with the measured SOC. Thus, inaccuracies may occur as
the SOC cannot be measured directly, but is a calculated value from
the battery management system. The forecast and operation strategy
presented in [198] and [281] lead to similar curtailment losses, but, in difference to [198], the self-suciency is higher with the adaptive forecast
approach of [281]. The strategy of [281] is evaluated for RES in section
6.2 and applied to CES in subsection 6.3.5.
It is shown, that the adaptive forecast shows advantages over a persistence forecast with a xed horizon. As the control algorithm based,
on autonomous persistence forecasts reaches similar curtailment losses
as the one based on external forecasts [281], these forecasts seem to
be preferable as they need no additional hardware and are independent
of the additional cost of external forecasts or meteorological services.
Nowadays, up to one third of the installed residential PV storage systems in Germany are capable of applying a forecast based charging algorithm [34, 215].
A forecast based operating strategy is applied to large scale BSS by
[87, 109, 221, 232, 234].
In the project SmartRegion Pellworm [87, 109] dierent business models
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have been tested and aect the operating strategy. The scenario which
maximises the RESCR is called Sustainable Regional Load Supply. The
active power ow of the BSS is an output of an optimisation to maximise the prot for the dierent business models [109] and is combined
with an OPF simulation to incorporate grid restrictions to calculate the
reactive power ow [87]. The forecast is carried out using a perfect foresight based on measured time-series for load and generation and historic
market data. This central approach ensures a grid supportive behaviour
of the BSS.
The EEbat project [232] combines the aim to relieve the grid and maximise self-consumption. The grid relief is achieved, by applying the peak
shaving strategy using active power control and curtailing the RPF to
50 % of the cumulated PV installed in the LV grid. A persistence forecast
for load and generation is used to adjust the charging power and ensure a
maximum self-consumption [232]. Furthermore, the dierences between
using standard load proles (SLP) [120] and realistic load proles as inputs for the operation strategy are quantied. For this calculation the
RESCR and the nancial benet of a CES allocated in a LV grid consisting of 50 households with PV generation and loads are compared.
It is shown, that SLP are suciently accurate to be used as input for
this operation strategy. Reactive power control is not considered in this
study.
A dierent charging strategy than in the previous paragraph is implemented in the Smart Grid Solar project [234]. To predict the PV generation, a short term weather prediction based on sky-images instead
of measured electrical values is implemented. The charging algorithm is
simplistic, since the battery is charged with a constant charging power in
case the residual power exceeds a given limit. Another control strategy,
developed in the same project, is based on the measured voltage at the
PCC, which is kept within a given range by charging or discharging the
battery [234].
In the next section, the two most promising self-consumption strategies
for RES are assessed and compared with the state-of-the-art algorithm by
applying specic key performance indicators.
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6.2 Techno-economic comparison of the two most
promising self-consumption strategies
Since 2013 the increase of self-consumption with RES seems a viable business
model for small PV systems in Germany [214]. Nonetheless, the main reasons
to invest in RES until 2015 have been soft factors. such as hedging increasing
electricity costs and contributing to the German Energiewende [37]. For
this reason the German government introduced an incentive program, which
is also scientically monitored by [37]. The feed-in limit for the rst period
of the incentive program was 60 % of its rated PV power and it will decrease
to 50 % for the second period, wherefore the 50 % limit is used in this thesis.
The aim of this feed-in limit is to reduce OV and OL induced by RES.
In order to minimise curtailment losses resulting from feed-in limitations
dierent charging methods for RES are being developed.
This section builds upon a previous study of the same author [287], in
which the two most promising strategies out of six control strategies for residential PV storage systems (RES) were identied by a qualitative approach.
In this section, three dierent control strategies for PV storage systems will
be presented and analysed in detail. The rst one is the state-of-the-art algorithm direct loading, explained in section 6.1, and is used as reference for
the comparison of two promising storage control strategies analysed in [287].
The second strategy uses a time interval to charge the storage system and
thus belongs to the category schedule based strategy. The third operation
strategy is one of the most promising algorithms of the forecast based strategy category and applies a persistence forecast method. To quantify the
performance of the algorithms and make them comparable, the performance
indicators curtailment loss ratio (CLR), self-consumption ratio (SCR) and
self-supply ratio (SSR), as dened in subsection 6.2.1, are used. In subsection
6.2.2, the methodology describing the PV and load proles, the component
models and the implemented operation strategies of the RES are presented.
The results of the techno-economic comparison of a schedule based and a
forecast based RES are presented and discussed in subsection 6.2.3. The
improvement based on the reference control strategy is quantied for both
strategies using the performance criteria mentioned before along with a nancial assessment in order to determine the most protable strategy from a
PV system owner`s point of view. To evaluate the robustness of the results
a sensitivity analysis is conducted by using several (extreme) load proles.
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6.2.1 Performance indicators
In order to minimise curtailment losses resulting from feed-in limitations
dierent charging methods for RES have been developed. Besides reducing
the CLR, the objective of these control strategies is to increase the SCR and
SSR:
(a) Self-consumption ratio (SCR)
The SCR is given by

SCR =

E PV_c
E PV

(6.1)

where E PV_c [kWh] is the self-consumed PV production [kWh] and E PV
the PV production. As stated previously, an increase of the price of
electricity and a decrease of the feed-in tari creates the incentive to use
PV energy production for the own consumption.
(b) Self-supply ratio (SSR)
The SSR is given by

SSR =

E PV_c
E load

(6.2)

where E PV_c [kWh] is the consumed PV production and E load [kWh]
the load demand. A high self-supply rate indicates that the PV-storagesystems can full its own load demand.
(c) Curtailment loss ratio (CLR)
The CLR is given by

CLR =

E curtailment losses
E PV

(6.3)

where E curtailment losses [kWh] is the total curtailment loss and E PV [kWh]
the PV production.
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6.2.2 Methodology
In order to evaluate the control strategies performance, one year is simulated
in one-minute steps with measured PV data and ve dierent load proles.
This calculation is conducted for three dierent control strategies for RES.
The aim of these strategies is to minimise the energy losses due to the feed-in
limitation. The simulation model and the input parameters and operation
strategies are presented in this section.

Simulation Model
For the evaluation of the three strategies, dierent MATLAB simulation
programs have been developed. The general schematic of the simulation
model is shown in Figure 6.5.

Figure 6.5: Schematic of the RES model and the calculated values.
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Load cover

First, the PV power PPV is used rst to cover the load requirements in all
available periods. In case the available PPV cannot cover the requirement of
load demand Pload , the system will use the energy stored in the battery Pbat
to cover the load demand. If the energy in the battery is not sucient and
is fully discharged, the remaining load demand will be covered by importing
power from the grid Pimport .
PV power utilisation

If the PPV is higher than Pload , then the residual PV power Pres is used to
charge the battery (depending on the control specic features). The battery
is never charged by drawing power from the grid. If the battery can not be
charged any further, the surplus of Pres is fed directly into the grid Pfeed-in .
In order to feed Pres into the grid, the amount of power has to be less than
the curtailment threshold of 50 % of the rated PV power PPV,r . If Pres is
above the curtailment threshold, Pfeed-in is limited to this threshold of 50 %
of PPV,r and the remaining power will be wasted Pcur .
The simulation is conducted for one year in one-minute steps. The result
values Pfeed-in , Pimport , SOC and Pcur are obtained for every simulation step.
With these values, the nal behaviour of each strategy is evaluated. Equation (6.4) [kW] to equation (6.7) are then used to obtain the values of the
performance indicators previously mentioned (see subsection 6.2.1):

EP V =

tend
X

PP V · t

(6.4)

tstart

where tstart is the rst times-step tstart , tend the last time step of the simulation, PP V the PV power and t the time-step in minutes.

EP V _c =

tend
X

(Pload − Pimport ) · t

(6.5)

tstart

where Pload is the load demand and Pimport is the imported power from the
electrical grid.

Eload =

tend
X

Pload · t

(6.6)

tstart

Ecurtailment losses =

tend
X
tstart
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Pcur · t

(6.7)
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Input Data and Battery Model
PV Prole

The input data used for the PV time series is based on measured oneminute steps and presented in subsection 3.4.1.
Load Proles

For this section, ve dierent load proles are used in order to analyse
dierent energy usage behaviours that might apply in households. The used
proles are a German standard household prole H0 (SLP) [120] and four
extreme measured household behaviours [121]: day active prole (DA), night
active prole (NA), heat pump prole (HP), and air conditioning prole (AC)
(depicted in Appendix B.9). These extreme household proles were selected
from a pool of 74 German household proles for being the most extreme ones.
The 15-minute mean value of all 74 proles is nearly identical with the SLP,
thus the SLP is taken as a reference [121]. The reason for choosing dierent
load prole behaviours is to determine, if with some specic consumption
behaviours, a dierence in the benets of one strategy compared to another
exists. The aim is to choose the most protable strategy, so it can be used
on further analysis of the LV grid. The characterization of the load proles
was performed taking into account an annual load demand of 5 MWh. The
samples for the SLP used for this analysis were taken in 15-minute steps
and then linearly interpolated to generate one-minute step values. The four
extreme load proles (DA, NA, HP and AC) were measured in 1-second steps
and aggregated in 1-minute steps. In Figure 6.6 the SLP load and the PV
generation prole for an exemplary day are depicted.
Battery Model

For the analysis of this section, a lithium-ion battery system for the RES
with a watt-hour eciency of 95 % and a constant bidirectional battery inverter eciency of 94 % is assumed. This gives a round-trip eciency of
84 % for the battery and the inverter, according to [15]. The nominal battery capacity is set to 5 kWh. For an economically optimal performance of
the storage system, the SOC of the battery is xed from 20 % until 90 % of
its nominal capacity.

Operation Strategies
The behaviour of the three operation strategies self-consumption (state-ofthe-art) [287], schedule mode with constant charging power [276] and the
adaptive persistence forecast [281] for an exemplary day with a volatile PV
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Figure 6.6: Load and PV power generation proles for a exemplary day (6nd
of July).
generation (Figure 6.6) is presented hereafter. For all strategies a feed-in
limit of 50 % of PPV,n applies.
Self-Consumption (state-of-the-art)

With this strategy, the main objective is to have the battery charged as
soon as possible, in order to use this energy later for own demand in periods
with lack of PV power. This means that as soon as there is surplus of power
available after load coverage, this power is used directly to charge the battery.
When the battery is fully charged, the remaining power will go to the grid
within the curtailment established limit. This strategy is the simplest one
and is the most wide spread control applied in current PV storage systems.
In Figure 6.7, the behaviour of this strategy is depicted for one exemplary
day. This strategy ensures that the battery will be charged as a priority
in order to increase the self-consumption ratio at maximum. This left the
period of the day with the highest irradiance with only the possibility to
feed the residual power into the grid, because the battery is already fully
charged. This means that with high irradiance, the power may surpass the
feed-in limit, and the curtailment losses will be high as well.
Schedule Mode with Constant Charging Power (SMCCP)

In this strategy, the power to charge the battery is calculated for every
time step in order to provide a smooth charging for a scheduled period of
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Figure 6.7: Self-consumption strategy.
haviour.

Power ow and battery SOC be-

time (in this case from 9am to 3pm) [276]. This period of time is used to
charge the battery, because it is the interval with the maximum probability
of available power during the day. Therefore, it is the period with highest
probability to exceed the curtailment limit.
The power to charge the battery Pcharge is given by:

Pcharge =

Qbat
tch,start − tch,end

(6.8)

where Qbat is the capacity of the battery available before it reaches full
charge and tch,start -tch,end is the remaining time available to charge the battery between the scheduled period of charge. With this type of control strategy, the system utilisation is improved in order to reduce the curtailment
losses and increase as well the protability of the investment. In Figure 6.8
the behaviour of the SMCCP strategy on an exemplary day is shown. On
days with low irradiance, this strategy may not fully charge the battery, because of the internal control algorithm that will look for a specic amount of
Pcharge in every period of time tch,start -tch,end . This means that if the Pcharge
power calculated with equation (6.8) is not available (Pres < Pcharge ) in certain time steps, the control algorithm will use the residual power Pres in this
period to charge the battery. This will lead to a remaining higher Qbat in
the next charging period and a lower remaining charging time tch,start -tch,end .
Thus, if Pres remains the same or decreases in the next interval of time, the
battery will never be able to be fully charged. In the other hand, on a high
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irradiance day, it can be observed that the schedule mode works perfectly
well in respect to the aim to reducing the curtailment losses Pcur to a minimum. In order to use Pres as much as possible to charge the battery, the
control algorithm checks if the available Pres on every period is enough to
cover Pcharge , which is calculated with equation (6.8).
If Pres > Pcharge , then the remaining residual power Pres,rem will be compared with the curtailment limit and if necessary limited. Some curtailment
losses in the time after the charging period may occur on high irradiance
days. This kind of schedule control will help to provide a smooth battery
charging and reduce the curtailment losses if forecast data is not available.

Figure 6.8: Schedule mode with constant charging power strategy. Power
ow and battery SOC behaviour.
Adaptive Persistence Forecast (APF)

This type of control strategy requires forecast information. Using this information for a more ecient charging algorithm, the amount of curtailment
losses can be reduced and the SCR and SSR can be improved. It should be
noted that the forecast accuracy plays a key role with this kind of strategies.
As discussed in section 6.2, some strategies rely on external meteorological
forecast systems, which in most cases increase the cost, as these services have
to be paid and an additional communication infrastructure is necessary. A
cost-free alternative is the use of an autonomous forecast like a persistence
forecast. This type of forecast method assumes that the weather will remain
constant in the near future and predicts the generation and load by using
a comparison of measured data from the recent past. By forecasting the
PV generation and load consumption, it is possible to improve the perfor-
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mance of this control strategy. The persistence forecast method used in this
work is explained in section 6.2 and in more detail in [281]. A peculiarity
of this strategy is that the PV power and load is determined by a mid-term
forecast and the system is performing an adaptive adjustment of Pcharge for
the battery every 15-minute step. This means that if the forecast is not as
accurate as expected, the system will adapt and adjust its behaviour. In
Figure 6.9, the behaviour of the APF for the exemplary day (see Figure 6.6)
is depicted. It can be seen that the battery is charged during most of the
radiation period, avoiding a high quantity of curtailment losses Pcur .

Figure 6.9: Adaptive persistence forecast strategy. Power ow and battery
SOC behaviour.
A technical and economic comparison and evaluation of the three strategies
presented above is discussed in the next section.

6.2.3 Results and Discussion
Hereafter, the results of the MATLAB simulations of the three control strategies for one-year on minute steps are presented. Furthermore, the performance indicators for each strategy, load variations and the economical evaluation are shown and discussed.
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Power Flow at the Point of Common Coupling for the Dierent Control
Strategies for RES
In Figure 6.10, the feed-in power at the point of common coupling for each of
the control strategies is depicted. The transparent horizontal plane shows the
level of 50 % of the feed-in limit. In Figure 6.10(a), the curtailment losses due
to the lack of battery storage are highest. In Figure 6.10(b) the SC strategy
is depicted. It can be observed, that on morning periods there is no power
owing to the grid, this means that the power is being stored, but just after
full charge the power will start to ow again to the grid and the curtailment
losses will start to increase. The SMCCP strategy is depicted in Figure
6.10(c), the power will ow during the whole PV generation period and
the curtailment is eectively reduced due to the restriction of the charging
period. Finally, Figure 6.10(d) shows the APF strategy.
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Figure 6.10: Power ow at the PCC of the RES control strategies for an
exemplary day: (a) no storage system, (b) state-of-the-art maximal self-consumption strategy, (c) schedule mode with constant
charging power, (d) adaptive persistence forecast.
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6.2 Techno-economic comparison of the two most promising self-consumption strategies
As in Figure 6.10(c) the power is fed-in during the generation period and
the intelligent persistence forecast control, shown in Figure 6.10(d), helps to
minimize the losses even further than with SMCCP. The technical assessment
based on the performance indicators for each of the control strategies is
presented in the following subsection.

Technical Analysis Based on Performance Indicators
Self-Consumption Ratio (SCR)

In Figure 6.11, the results for the three strategies and the ve dierent load
proles are shown. It can be observed that the SC strategy maximizes the
use of PV in order to have the battery charged as soon as possible. The APF
is always less than 1 % below SC strategy, which means that the adaptive
algorithm is almost achieving the maximum possible SCR.

Figure 6.11: Comparison of the self-consumption ratio SCR of the control
strategies SC, SMCCP and APF using ve dierent load proles
each.
Self-Supply Ratio (SSR)

Figure 6.12 shows that the SC strategy has the highest values within all
the dierent load proles. The APF is the second best strategy.
Curtailment Loss Ratio (CLR)

The CLR is shown in Figure 6.13. For the CLR control, the losses are
higher, because the battery is fully charged too fast during high irradiance
periods. With the APF strategy the losses are reduced by about 50 %. This
means that the forecast is quite accurate and the adaptive method is working
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Figure 6.12: Comparison of the self-supply ratio SSR of the control strategies
SC, SMCCP and APF using ve dierent load proles each.
well. However, the main drawback of this strategy is that when the day ahead
is not at all similar to the previous day, then the losses will increase and the
adaptive part will sometimes not react as fast as required. The ideal adaptive
speed is also evaluated in [267]. With the SMCCP control, the losses are
reduced by more than 5 % with all the load proles. This dierence shows
that the implementation of a SMCCP control strategy might help to reduce
energy losses even further.

Figure 6.13: Share of losses ratio. Three control strategies using ve dierent
load proles were evaluated.
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6.2 Techno-economic comparison of the two most promising self-consumption strategies
In this subsection, it is shown that the APF and SMCCP control strategies
have a greater impact on the CLR of the PV storage system compared to
the SC strategy. Nevertheless, the impact on the SCR and SSR is not very
high. This means that the control strategy used on the RES will lead to an
improvement for the household owners in terms of quantity of energy feed-in
to the grid without compromising a good management of the storage system
and at the same time respecting the curtailment limit.

Economic Analysis
In this subsection the economic assessment, which analyses the impact on
the implementation of SMCCP or APF control strategies versus a system
that only has a SC strategy implemented, is presented. As shown before, the
implementation of a dierent control strategy than SC will cause a decrease
in the SCR, SSR, and the CLR. This evaluation will determine the economic
improvement that will aect the prot for the system owner. For the economic analysis a feed-in tari (FIT) of 0.1231 EUR [288] and an electricity
price of 0.2881 EUR [289] are assumed. The economic evaluation is highly
sensitive on specic prices at the time of the evaluation. In order to determine the annual prot (AP) for the SMCCP and APF strategy compared to
the SC strategy, equation (6.9) is used, according to [281]:

∆AP = (∆SLR · EP V +

∆SSR
· Eload ) · f t − ∆SSR · Eload · ep
ηbat

(6.9)

Where ∆SLR is the change of SLP versus SC strategy, EP V is the total
energy generated, f t the feed-in tari, ∆SSR the change of SSR versus SC
strategy, ηbat is the round trip eciency of the battery system, Eload the
total load demand and ep the electricity price.

6.2.4 Conclusion of the Analysis for Operation Strategies to
Maximise Self-Consumption
As self-consumption with PV storage systems becomes more attractive every
day as a protable business case, it is important to examine dierent operation strategies. They should be grid-supportive, in this case by applying
a curtailment limit of 50 % of the installed nominal PV power, and at the
same time be protable for the battery owner. Two autonomously operating
control strategies, which full these two aims by relying entirely on locally
measured values were investigated and compared with the state-of-the-art
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Figure 6.14: Annual prot evaluation for the control strategies SMCCP and
APF, using ve dierent load proles for each.
strategy. By conducting a sensitivity analysis in which dierent extreme load
proles are used, it is shown that the adaptive persistence forecast control
strategy is the one with the best technical and economic performance, taking
into account the system utilisation and the owner's economic benets. For
all ve load proles, the APF shows higher values than the SMCCP. Since
the annual prot of the APF is highest for all ve load proles, it is used in
this work for the RES as well as for the CES applying self-consumption.

6.3 Methodology: Modelling the Battery Storage
System as a Community Electricity Storage
All data used in this chapter refer to the year 2015, if not stated otherwise.
A simplied VRFB-model that can be applied for CES, used to maximise
self-consumption is presented in the following section.

6.3.1 Simplied Battery System Model Based on Measured
Values
The more accurate BSS model presented in section 5.2, is simplied in this
section for the simulation of a CES in order to reduce computing time. Instead of calculating the losses of the inverter and the battery separately as
in the detailed model, in this model the losses are calculated in one step
and the losses due to reactive power provision are neglected. Furthermore, a
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dierence in eciencies for charging and discharging with the same power is
neglected, too. The main dierence to the more sophisticated model of section 5.2 is that in this simplied version the capacity of the BSS is not power
dependant and the BSS can be charged with a constant power until reaching
SOC of 100 %. As shown in [290], the BSS model for the self-consumption
operation strategy should be simulated at least in one minute time-steps to
avoid the neglect of short-term feed-in peaks. Thus, the time resolution of
one minute is assumed to be suciently accurate for a BSS model applied
as a CES.
For every time step, the BSS can be charged or discharged with dierent
eciencies due to a varying part load behaviour. This is taken into account
by dividing the round-trip eciency depicted in Fig. 6.15 into two separate
eciencies as shown in equation (6.10) and equation (6.11). Hereby, it is
possible to calculate the SOC in every time step, required by the CES operation mode, but also to predict the SOC. This prediction is mandatory
in order to minimise curtailment losses by the adaptive persistence forecast
algorithm applied in the CES operation mode.
Contrary to the PCR application, the auxiliary power for the pump management is now taken from the battery. This is due to the fact that in this
business model energy from PV systems is used for the battery operation.
Also contrary to the PCR application only the necessary amount of pumps is
used for charging or discharging as the ramp time of the pumps does not have
a negative eect on this business case. In the simplied BSS model reactive
power provision can not be modelled, and is calculated ex post. The energy
needed for the provision of reactive power in the CES operation mode is
covered by transactions with the energy market. To obtain a formula for an
exponential t function with two terms, the non-linear least square method
was applied. The eciency curve, the equation of the t function with 95 %
condence bounds as well as the evaluation of the goodness of the t are
depicted in Fig. 6.15.
As the charging power PACC or discharging power PACD might be dierent,
according to [291] the SOC of the BSS at the time step t SOCt , can be
calculated using an AC-power dependent round trip eciency ηAC (PAC ).
Charge: SOCt = SOC(t−1) +

PACC ·

q
ηAC (PACC ) · ∆t
Cnom
√

Discharge: SOCt = SOC(t−1) −

PACD
ηAC (PACD )

Cnom

(6.10)

· ∆t
(6.11)
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Figure 6.15: Measured round trip eciency curve and tted BSS model.
where SOC is the state of charge of the BSS, t the actual time-step, ∆t
the simulation step size (1 minute) and Cnom is the nominal BSS capacity
(400 kWh). This 1-minute-model is used to simulate the grid supportive CES
presented in subsection 6.3.5.

6.3.2 Lithium-ion Battery Model for CES
The model for the LiB used for the CES application is implemented in the
simulation of the operation strategy the same way as the simplied VRFB
model presented in subsection 6.3.1. The LiB model itself is the same as
for the residential PV systems described in subsection 6.2.2 (BSS round-trip
eciency 84 %, lower SOC limit 20 %, upper SOC limit 90 %). The main
dierence between the VRFB and LiB is that in the LiB model the roundtrip eciency has only one constant value. The system sizes of a single
VRFB and LiB are the same (200kW/ 400kWh).

6.3.3 Economic Assumptions
The economic parameters of the LiB are presented in subsection 5.3.1 and
are applied to the PCR and the CES application (CAPEX LiB see Table 5.2,
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yearly OPEX 2 % of CAPEX, interest rate 4 %).
The revenues in this business case are caused by a cost reduction strategy
that takes advantage of the dierence between feed-in tari and purchase
price for electric energy. The parameters FIT (0.1231 EUR/kWh) and ep
(0.2881 EUR/kWh) are assumed to be the same as for the residential storage
systems presented in subsection 6.2.3. As these parameters depend on the
PV system size and the considered year, inter alia, their inuence is discussed
in the sensitivity analysis of the economic assessment in subsection 6.4.2.
The legal framework for dierent use cases and their corresponding charges,
levies and taxes for CES are shown and discussed in Fig. 4.15. The theoretic best case and the two most promising scenarios which can be realised
under the current legal framework are analysed in this assessment and listed
hereafter:
(1) Theoretic best case (Th. best)
This case is the theoretical possible best case, which means that there is
no FIT and no charges or levies incur. This scenario is highly unlikely
at present, yet could become reality in a post-FIT era after 2020 [292].
(2) Self-consumption best case (SC best)
In the case of a geographical proximity in which the consumers and the
owners of the PV generator are not the same legal entity but use an own
private grid, the self-consumption case applies. Therefore, only the full
EEG levy incurs (see column 1 in Fig. 4.15).
(3) Direct marketing best case (DM best)
If the storage operator and grid operator peruse a direct marketing model
and sell energy to third party consumer within the own private grid, the
EEG levy, the VAT, the business tax and the corporation tax incur. The
charges and levies that apply in this case are depicted in column 2 in
Fig. 4.15.
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6.3.4 Sizing of the Community Electricity Storages
Analogue to the optimal economical sizing of residential storage systems
for 1 kWh of storage capacity of the CES, a PV system size of 1 kWp and
an annual load demand of 1 MWh is selected for every system [267]. In
order to simulate a realistic environment the CES are implemented for the
status quo of the grid of the model region presented in section 3.4. As
the BSS is connected to the LV-side of the MV/LV-transformer (see section
3.3), if possible all the loads and PV-systems of the same LV-level were
gathered for one CES. This leads to a non-optimal sizing of the loads and
PV-systems, but increases the hosting capacity of the LV systems and is
therefore grid supportive, as the CES are also used for peak shaving as
described in the following section. As the installed PV power is 2.0 MW,
only the geographically closest loads with a total annual consumption of
2.3 GWh were combined to 5 separate CES systems with the SPF prototype
of 400 kWh storage capacity to comply with the sizing rule described before.
The sizing of the 5 CES is listed in Table 6.1
CES Number
T8
T9
T10
T11
T12

CES1
CES2
CES3
CES4
CES5

Building
Characteristic
No PV
PV

Figure 6.16: Load and generator assignment of the 5 CES in the town of the
SPF project.
QGIS 2.8.3‐Wien
‐ Tussenhausen_Projekt

Bouldings + Old PV + New PV
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6.3.5 Modelling of the Operation Strategy
In order to assure a grid supportive behaviour of residential PV-storage systems the German government coupled the incentives for these storages with
the condition on limiting the feed-in to 50 % of the maximal PV power.
Although these incentives are only granted for residential PV-storage systems, the 50 % limit is used in this study to assure a better comparison with
other studies. Preliminary studies indicate that the adaptive persistence
forecast control strategy is most protable from the storage owner's point
of view [293, 294]. This strategy secures the best results with regards to the
performance indicators, which are dened in subsection 6.2.1: CLR, SCR
and SSR.
The methodology of the adaptive persistence forecast control strategy was
adapted from the strategy initially designed for residential PV storage systems by [15, 281] and also applied in section 6.2. The APF strategy aims on
minimising the daily feed-in energy and thus maximising the self-suciency
and the prot. This is achieved by limiting the feed-in power dynamically,
always taking the maximum feed-in boundary into account. The dynamic
feed-in limit is ideally set each day based on the forecasts such that the
battery is completely charged with the energy that exceeds the dynamic
limit [15].
For the load prediction [281] uses a method that assumes a load prole for
the predicted weekday identical to the load prole of the weekday from the
previous week. As the PV output has a stronger impact on curtailment losses
and self-suciency rate than the load forecast, an elaborated method for the
PV persistence forecast, which is based on a moving prediction horizon as
well as a on a long term and short term prediction relying on locally measured
data of the PV system, is used [281]. First a bell-shaped prole based on the
last ten days is calculated. To achieve a higher accuracy a moving horizon
is introduced that combines the PV data from the last 4.5 hours with the
bell-shaped prole. For the intra-day correction the feed-in limit is adapted
dynamically every 15 minutes by running an optimisation with 15 minutes
of forecast resolution and 15 hours of optimisation horizon, if the measured
values (residual load and battery charge power) dier from the predicted.
For every CES the proles for the generator and load data is gathered and
the prediction is performed only for the accumulated proles. The resulting charging or discharging power is calculated for every minute time-step.
The usable battery capacity is set between 1 % and 99 % of its nominal capacity of 400 kWh. For the simulation of the SOC, the simplied 1-minute
battery model as described in subsection 6.3.1 is used to reduce computing
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time. Nonetheless, a yearly simulation of the 5 CES including a load-ow
calculation of the whole model area takes 31 hours, although the year was
partitioned in 16 periods and calculated in parallel on a server with 8 cores
with 2.9 GHz and 32 GB RAM. For each period the SOC of the 5 CES were
set at 1 % for the rst time-step.
As with this simplied battery model only the active power is taken into
account, it is assumed that the reactive power to provide the reactive power
control based on the Q(V)-characteristic is the same as if the BSS provides
PCR and reactive power control. The BSS is connected in both cases to the
LV busbar of the MV/LV transformer. These assumptions seem reasonable,
as the active power of the two dierent operation strategies has very little
inuence on the voltage due the low R/X-ratio on this PCC and therefore it
can be neglected.

6.4 Technical and Economic Assessment of a Grid
Supportive Vanadium Redox Flow Prototype
applied as Community Electricity Storage
6.4.1 Technical Assessment
In this section, the technical results from the simulation of the SPF prototype
applied as a CES with the simplied battery model (see subsection 6.3.1)
are discussed. In Fig. 6.17(a) the power ows of CES generating the highest
prot (CES 1) for the week of highest irradiation of the year are depicted.
Fig. 6.17(b) shows the corresponding SOC curve.
It can be seen that from Monday till Wednesday the low solar irradiation
is not sucient to load the CES completely, whereas on the other days the
CES is charged to its charging limit of a SOC of 99 %. At night, the storage
is capable of supplying the load, and only on Tuesday morning energy is
drawn from the grid (cyan). Furthermore, the performance of the forecastbased operating strategy can be shown, as it prevents high feed-in peaks at
noon by smoothing the charging process over the day time. Due to the grid
feed-in limit of 50 % the PV-power is curtailed (black) on Thursday and on
the weekend, as the full capacity is reached before the evening.
In comparison with to the PCR application, the yearly simulation shows
that this application reaches relativity high round trip eciencies of 53 %. If
the auxiliary power for the pumps would be drawn from the grid the round
trip eciencies is 60 %. This is on the lower end of the eciency range that
is expected, considering [264] reported 60 % and [15] 84 % for LiB for CES.
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Figure 6.17: Power ows and dis-/charging of CES 1 for the exemplary week
with the highest irradiation of the year.

Evaluation of the Operation Strategy based on Performance Indicators
The performance indicators (dened in subsection 6.2.1) self-consumption
ratio and self-supply ratio for all 5 CES are listed in Table 6.1. The indicators
were calculated with (index PV) and without storage (index CES) in order
to evaluate the inuence of the CES. It can be seen clearly that the BSS
increases the SCR and the SSR. The rst row of the table shows the ratio
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of the PV systems connected to the CES PPV in kWp and yearly energy
consumption of the load Eload in MWh, respectively.
Table 6.1: Sizing and performance indicators of the CES.
PPV :Eload
SCRPV [%]
SCRCES [%]
SSRPV [%]
SSRCES [%]

CES 1
1.2:1
33
59
45
68

CES 2
1.1:1.1
41
52
44
63

CES 3
0.9:0.9
34
54
45
67

CES 4
0.9:1.1
37
69
43
63

CES 5
1:1.6
55
60
43
54

The inuence of the dimensioning of the load and PV on the performance
indicators, can be shown by the example of CES 5: In this case there is significantly more load connected to this CES than to the other storages, leading
to the smallest increase of the self-consumption rate from 55 % without CES
(SCRPV ), to 60 % with CES (SCRCES ). Vice versa the small load to PV
ratio of CES1 results in the highest self-supply ratio with CES (SSRCES ) of
68 %. The curtailment loss ratio for all CES lies under the negligible level
of less than 1 % and can be attributed as the forecast precision as almost
no curtailment losses occur compared to a perfect forecast [15, 198]. This
is a factor 3 to 7 smaller then the curtailment losses of the same operation
strategy applied to a residential PV-storage system (compare with subsection
6.2.3). The negligible curtailment losses and the big reduction potential of
CES matches with the results in [221], where RES are compared with CES.

Analysis of the Grid Supportive Behaviour
In the simplied battery model the inuence of the reactive power provision
on the SOC is not included. But as in the case of CES 1 the PCC is the
same for the PCR and the self-consumption operation strategy the same
voltage time-series applies and the same energy to recharge the BSS as in
the PCR-case can be assumed. For a better comparison between the two
BSS-applications this energy is traded in the CES case on the intra-day
market as well and causes costs of 14 EUR per month for the provision of
reactive power for CES 1.

6.4.2 Economic Assessment
The resulting cash-ows and net present values for the CES business cases
is presented in this section. Similar to the economic assessment of PCR
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business case in subsection 5.2.2, the CES application is applied to the model
region for the VRFB prototype. For the CES cases the economic calculation
is based on a load ow calculation of the model grid for one year. Although,
the cash-ow and the NPV is calculated for all 5 CES, only the results of
the most protable CES 1 are shown and discussed. The NPV of CES 1 is
6 % higher as for the least protable CES 5 for the theoretic best case.

Cash-ows
30
VRFB

LiB
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20
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5
0

Revenues
Costs (1)
Costs (2)
Costs (3)
Revenues
Costs (1)
Costs (2)
Costs (3)

Yearly cash flows [10³ EUR]

In Fig. 6.18 the annual cash ows,
without discount for the CES business
cases, for the most protable VRFB
unit and a LiB unit are depicted.
In the self-consumption maximisation business case with the CES
the revenues represent savings for
the avoided electricity costs by selfconsumption of the energy from the
PV system. They amount to 25 100
EUR per year for the VRFB and to
26 500 EUR per year for the LiB.
To show the range of possible economic results, three best case levies
and charges scenarios (introduced in
section 4.3) are calculated, as shown in
Fig. 4.15. In analogy to the avoided
electricity costs, the lost feed-in tari is not a matter of incurred expenditures, but rather a loss of revenue
as a result of self-consumption compared to lost feed-in enumerated with
the FIT.
The EEG charge and the VAT (in- Figure
cluding commercial and corporation
tax for CES), on the other hand,
are actually incurred for the selfconsumed electricity from the CES. As
it can been seen in the range of costs
of the CES cash ows for the three scenarios, the inuence of the levies and

Costs Q-control
O&M-costs
Revenues
VAT
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6.18: Cash-ows of a grid
supportive CES application (for CES 1) and
dierent battery technologies (VRFB and
LiB) in the three cases:
(1) theoretic best case,
(2) self-consumption,
(3) direct marketing.
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charges is the most decisive parameter for the protability of the CES business cases. This leads to the conclusion that although the revenues for the
VRFB are 4.5 times higher then the costs in theory (costs (1)), only in the
self-consumption best case (costs (2)) there might be a protable business
case, whereas in the direct marketing case (costs (3)) no prot is earned.
This result could be even worse as the OPEX are based on the smallest investment costs and could be almost by a factor 5 higher, if the CAPEX of
the prototype were considered instead (for the VRFB).
The costs for the provision of reactive power (dark blue) for the grid supportive behaviour of the BSS are due to the intra-day trading costs to replace
the energy needed to provide this service (analogue to the PCR case). As
depicted in the graph the additional costs of the reactive power provision are
less than 1 % of the revenues. Moreover, the 50 % limit for the CES can be
neglected, as the resulting curtailed energy is also less than 1 % of the revenue. It can be seen that with the assumption of a 84 % round trip eciency
the LiB reaches higher incomes and lower costs, but due to the higher usable
capacity of the VRFB the results are similar. The eect on the NPV of this
more favourable economic results of the LiB are shown in the next section.

Net present values
The calculation and comparison of the net present values, as depicted in Fig.
6.19, shows that none of the two technologies is currently protable: neither
the VRF nor the LiB reach positive NPV. For both BSS the technology
dependant investment costs ranges listed in Table 5.1 (VRFB) and Table
5.2 (LiB) are considered. Assuming the CAPEX of the SPF prototype, the
business cases are far from protable, hence this case is not displayed in the
graph.
The negative NPV are mainly due to the high investment costs, as in both
business cases the net cash ow can be positive as shown in Fig. 6.18. As
depicted in Fig. 6.19, the higher round trip eciency of the LiB compared to
the VRFB does not have such a big impact on the NPV as the advantage of
VRFB to have a higher usable capacity makes up for the lower higher round
trip eciency. Although maximising self-consumption can be a protable
business case theoretically as shown with the Th.best scenario (assuming
minimal investment costs), this case would only apply in a post-FIT scenario
without any charges and levies. In a realistic scenario under the current legal
framework (SC best), in which the CES is used for self-consumption, the
CAPEX of the VRFB and LiB would have to fall at least by 77 % and 73 %,
respectively to earn prots. The direct marketing (DM best) is not protable
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Figure 6.19: Net present value of the CES application for VRFB and LiB for
the most protable single CES unit of the model region (CES
1).
with the analysed parameters for the VRFB, as the charges and levies are
too high to achieve an positive NPV, even if the BSS has no investment cost.
The same applies to LiB for DM best case as the specic cost of a single BSS
unit would have to be 38 EUR/kWh which seems impossible at the moment.
This results are conrmed by several studies: It is shown that under the
current legal framework it is not possible to reach a positive NPV for CES
with LiB [221, 222, 295]. Nonetheless, CES might become an alternative to
residential home storage systems in a post-FIT era (after the year 2020) if the
legal framework is adapted [295]. Due to the unfavourable legal framework
for CES, a direct subsidy is currently discussed in Germany [296].

Sensitivity Analysis of the Most Signicant Economic Parameters
In Fig. 6.20 the economic sensitivity analysis of the CES application with a
variation of the parameters FIT and electricity price is depicted. The colours
indicate the specic BSS investment cost to reach a NPV of zero. To reach a
NPV of zero with the assumption of this paper (year 2015) and for a realistic
best case (CES (2): SC best) the specic BSS investment cost would have
to be 131 EUR/kWh (marked with a cross on the black 131 EUR/kWh iso
line). Thus, the CES is not attractive at present and the FIT would have
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to drop below 2 EURct/kWh and the electricity price over 35 EURct/kWh
(assumptions: minimal CAPEX and E2P-ratio of 2:1).

CAPEX [EUR/kWh]

16

600

Feed-in tariff [EURct/kWh]

14

131 EUR/kWh

500

12

400

10

300

8

200

6

100

0

4

-100

2
25

30

35

40

Electricity price [EURct/kWh]

Figure 6.20: CAPEX of the battery system to reach a net present value of
zero (SC best: self-consumption best case) for a varying feedin tari and electricity price. The marked point represents the
assumptions of SC best and the black iso-line an investment cost
of 131 EUR/kWh of the battery storage system.

But this may shift in a post FIT period (starting with year 2020) were
the CAPEX of VRFB are supposed to have fallen by 48 % compared to the
prices of 2014 [182] and the feed-in tari may drop to a market price of 2-4
EURct/kWh. A drop of 50 % of the assumed CAPEX of the VRFB used
in this work (listed in Table 5.1) would result in a specic investment cost
range of 283 to 732 EUR/kWh (green to yellow area). A potential rise of
the electricity price favours this business case even further. This is especially
true if the legal framework is claried and favours this kind of application
by omitting all or most taxes and additional cost burdens as the EEG levy
for instance.
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6.5 Chapter Summary
In this chapter the operation strategy maximisation of self-consumption for
residential and large scale batteries is analysed from a technical and economic
point of view. The focus lies on large scale VRFB providing this application.
For this purpose a battery model for a VRFB based on measurement data
is presented. To identify the most lucrative operation strategy a review
of existing operation strategies for residential battery systems is conducted
and the most promising is adapted to several CES implemented in a model
region. Finally, the technical and economic results of this operation strategy
is compared with LiB providing the same service. The main ndings of
chapter are:
After a review of dierent self-consumption strategies, the two most promising operation strategies for residential storage systems, which maximise selfconsumption and apply peak shaving, are compared with the state-of-the-art
self-consumption strategy. The two strategies are: a schedule mode with
constant charging power and a strategy based on an adaptive persistence
forecast. The APF shows the highest prots for all ve analysed load proles. Thus, it is adapted for the large scale vanadium redox ow battery
storage system.
Based on the same data as the detailed vanadium redox ow system model,
a simplied model for 1-minute time-step calculations of the SOC, is presented and implemented in the operation strategy for the maximisation of
self-consumption. This BSS model is embedded in a load ow calculation of
the region in which a VRFB prototype is implemented, in order to asses the
economic protability of a CES.
A clear methodology for the operation strategy of a grid supportive VRFB
which maximises the self-consumption is presented. To ensure the grid supportive behaviour, an autonomous reactive power control based on a Q(V)characteristic and a peak shaving is implemented.
For the maximisation of self-consumption an autonomous adaptive forecast
based operation strategy is implemented. The aim of this strategy is to
minimise the daily feed-in energy and thus maximise the prot, while at
the same time providing a peak shaving of 50 % of the maximal PV power
connected to the CES. The evaluation of this strategy via the performance
indicators curtailment loss ratio, self-consumption ratio and self-supply ratio,
shows that the SCR can be risen by 26 % and the SSR by 23 % compared
to PV-systems with no storage. This could relief the higher voltage levels
considerably, as the power is generated and consumed locally. Another result
is, that this operation strategy operates close to the theoretic maximum, as
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the curtailment losses are smaller than 1 %. This is factor 3 to 7 smaller then
the curtailment losses of the same operation strategy applied to a residential
PV-storage system.
Furthermore, it is shown that the reactive power provision and, therefore,
the grid supportive behaviour does not lead to any signicant additional
costs for neither of the operation strategies (less than 1 % of the costs).
As for the protability of the self-consumption business case the investment
costs, the price of the FIT and above all the incurring charges and levies are
the most decisive factors. It is shown that this business case could already
be protable in theory, but due to the legal framework in place, the CAPEX
of the VRFB have to fall by 77 % in the best case to reach break even. If a
direct marketing business case for self-consumption is pursued no prot can
be earned as the incurring charges and levies lead to a negative cash-ow.
The CES application is slightly more protable if LiB are used instead of
VRFB, but no positive NPV can be reached under the current conditions
either.
In conclusion, it is worth pointing out that in spite of lower curtailment
losses compared to residential PV storage systems and advantages of the
economy of scale, it is not clear whether community electricity storages applying self-consumption maximisation will become feasible in the near future
due to the current unfavourable legal framework.
The most important result of this chapter is that there is almost no negative impact if the BSS is operated in a grid supportive behaviour by providing
reactive power control and peak shaving additionally to its primary purpose.
This result is similar to economic nding of a grid supportive VRFB providing primary control reserve, discussed in chapter 5.
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Chapter

7

Impact of Large Scale Batteries and
other Flexibility Options on
Distribution Grid Planning

The main focus of this chapter is the analysis of the impact of the operating
strategies, derived from the business cases of self-consumption maximisation and primary control reserve discussed in chapter 5 and chapter 6, on
distribution grid planning.
In section 7.1 the traditional approach to implement large BSS in distribution grid planning is presented and the main drawbacks of this approach are
shown. For this purpose the already realised large scale BSS PCR and CES
projects in Germany (Table 4.2 and Table 4.6) are classied and their impact
on traditional grid planning is discussed. To overcome disadvantages of traditional grid planning, an alternative approach (referred to as expert system,
as dened in section 2.4) is presented and splitted in two parts: section 7.2
and section 7.3. In section 7.2 the methodology for a techno-economic assessment of exibility options as a alternative to grid expansion is presented.
The exibility options are: grid supportive self-consumption maximisation
with residential and large scale BSS, system supportive primary control reserve with large scale BSS and two reactive power control strategies with PV
systems (cosϕ(P)-control and Q(V)-control). The results of the alternative
approach are presented and discussed in section 7.3 and concluded in section
7.4.
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7.1 Traditional Approach
How BSS can be implemented in traditional grid planning, as presented in
subsection 2.3, is subject to ongoing research. However, [297] shows that
DSO only consider active power ows for BSS, which seems a viable proposition as the active power ows are responsible for the revenue streams and
a reactive power control is not yet mandatory. Therefore, in the st part of
this section only the active power ows are evaluated using the worst case
approach of traditional grid planning and the resulting diversity factors for
BSS are listed in Table 7.1. For the assessment of the active power ow
German large scale BSS projects that apply PCR (see Table 4.2) and selfconsumption (see Table 4.6) are analysed. Secondly, the eect of reactive
power control on the planning is discussed briey as it can be considered independent of the business case, given that the power electronics are able to
provide a four quadrants operation. In the last part, deciencies of the traditional planning methodology are presented and possible steps to alternative
planning approaches, are discussed.

• Grid compatible self-consumption
In the worst case the battery is fully loaded for the RPF scenario and
fully discharged in the HLF-case. The resulting diversity factors for
implementing BSS in the grid planning are listed in Table 7.1 and result
in a neutral behaviour of the BSS. The direct loading operation strategy
and schedule operation strategy are used in the projects Strombank and
MSG EUREF (see Table 4.6) andcan be mentioned as an example.
• Grid supportive self-consumption
For the HLF the same as for grid compatible BSS applies, as the battery might be also fully discharged, too. The dierence to the grid
compatible BSS arises for the RPF. In this case the battery is used
to mitigate the reverse power ow caused by DG with peak shaving.
The peak shaving threshold can be either xed or adaptive as in the
case of forecast based charging and discharging. For the projects listed
in Table 4.6 that use a forecast based operation mode a peak shaving functionality is implemented. Nevertheless, the rated power of the
BSS might be higher than the power used to mitigate the power at
the PCC, which is the case in the EEBatt project where the energy
to power ratio of the BSS is 1:1. In the case of the latter, the diversity factor is the quotient of the power used for peak shaving purposes
and the rated charging power of the BSS. For example, for the project
SmartOperator (pure peak shaving) the diversity factor is 1, but it is
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< 1 in the EEBatt project (forecast based SC). This operating strategy
can solve OV (cable) and OL issues (cable and secondary transformer)
if the BSS is installed in the same LV feeder as the DG causing them.
The thermal load of the primary transformer is reduced in any case
independently of the allocation of loads, DG and BSS, as the peak of
the RPF is mitigated in any case, if a diversity factor of > 0 for the
BSS is reached.
• System compatible primary control reserve
It can be deduced from Fig. 4.9, that a BSS providing PFC might
discharge or charge with its full rated power at any moment. Depending on the system architecture, some BSS have the capability to be
overloaded, as reported in [178] for VRF (100 % over-loading), in [172]
for LIB (30 % over-loading for 15 min), and in [298] (25 %) also for
LIB. In the worst-case scenario, the normal operation together with
the application of the degrees of freedom as described in subsection
4.2.1, can lead to a diversity factor > 1 (referred to as (1+x) in Table 7.1). Depending on the allocation of the BSS it might reduce the
hosting capacity of DG of the aected grid as this operation strategy
tightens the OV and OL issues. All projects listed in Table 4.2, except the SmartPowerFlow project, where the BSS behaves in a system
supportive way, fall into this category.
• System supportive primary control reserve
The diversity factor for this operating strategy is the same as for the
grid compatible behaviour, as the active power ows are the same.
The dierence here is that a reactive power control is used to solve
over-voltage issues.

Table 7.1: Diversity factors for BSS applied for self-consumption (SC) and
primary contol reserve (PCR)

grid compatible SC
grid supportive SC
system comp./ supp. PCR

HLF

RPF

0
0
(1+x)charge

0
(0-1)charge
(1+x)disch.

In the traditional distribution grid planning reactive power control is usually not considered and only a xed cosϕ can be taken into account as only
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one time-step for the two worst case scenarios is calculated. In a grid/ system compatible behaviour cosϕ may be set to 0, while in a grid/ system
supportive behaviour it may be set to the maximum favourable value from
grid perspective. Nevertheless, this issue has not been analysed systematically yet and may lead to wrong results, if the method of the traditional
planning is applied. For an accurate simulation of a reactive power control,
a load ow analysis based on time series has to be applied.
It can be concluded that the traditional planning method of passive distribution systems for large scale BSS will lead to over-capacities and uncertainties concerning the reactive power ows. Therefore, CIGRE promotes the shift to active distribution systems as dened in CIGRE WG
C6.11 [299], which will incorporate DG and BSS in a more active way than
the t-and-forget approach which is currently used and will allow to apply
new/alternative planning approaches more eciently. This transition is described in detail by [64]. As discussed in section 2.4, BSS, as well as DG and
the distribution grids need to be modelled to calculate time-series, in order
to simulate the interdependency of the grid participants. Depending on the
application and technology dierent time-steps need to be realised in these
models [64].
As for the reactive power control current studies focus on two main directions: a central approach using an AC OPF, such as [87], or an autonomous
voltage control, as for example a Q(V) control [26]. It seems as if autonomous
voltage control strategies are the more favoured solution at the moment as
the technical standard for connecting BSS and DG in MV and LV are aiming
in this direction [45]. Thus, the autonomous reactive power control strategies
have been favoured in this work.
The challenges of future investigations lie in modelling BSS to calculate
active and reactive power time series for dierent applications in order to
apply them for new planning approaches in active distribution systems. This
has been realised in this work for BSS applying system supportive primary
control reserve (chapter 5) and for a grid supportive community electricity
storage (chapter 6). The impact of implementing this large scale BSS (along
with other exibility options) into distribution grids, is analysed in detail in
the next two sections by applying new/alternative planing approaches.
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7.2 Alternative Approach: Methodology for a
Techno-Economic Assessment of Alternatives
to Grid Expansion
In this section, a methodology (expert system) is presented to compare the
traditional approach of grid reinforcement technically and economically with
exibility options. Five exibility options are applied with the following
methodology:

• All PV systems in the pilot region apply a cosϕ(P)-control.
• All PV systems in the pilot region apply a Q(V)-control.
• All PV systems in the pilot region are connected to a RES to maximise
self-consumption.
• If technically possible, in every LV-grid a large scale BSS is implemented which provides PCR and Q(V)-control.
• If technically possible, in every LV-grid a large scale BSS is implemented which provides self-consumption maximisation as a CES and
Q(V)-control.
In the next subsection, the dierent exibility options are explained in
detail and their implementation in the model is presented.

7.2.1 Technical Comparison of the Flexibility Options
For the technical comparison, the decisive criterion to arise the shares of
renewable energy systems in distribution grids is the increase in hosting
capacity (dened in section 2.1). The maximum hosting capacity is reached
when limits for OV at a grid node or OL of equipment are reached. For
this work, the voltage related hosting capacity is limited by the permissible
voltage band of ±10 % of the nominal voltage [41] for every time-step to
have an additional buer for measurement accuracy. This is stricter than
the current specication for voltage magnitude variations in the DIN EN
50160, where it is stated that for a period of one week the value should not
surpass ±10 % of the mean RMS for 95 % of the time during intervals of 10
minutes. The maximal threshold for OL is set to 100 % of the rated apparent
power Sr for cables and transformers.
In order to determine the increase of the hosting capacity, the total hosting
capacity of the pilot region is determined in the event that no exibility
options are applied (reference scenario). Then, the same value is calculated
using the various exibility options. The increase in hosting capacity is the
dierence between the two values.
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Since the pilot region in the status quo has no OL or OV issues, PV
systems are installed successively in the village following the expansion path
described in section 3.5. After the integration of each additional PV system,
a load ow calculation with MATPOWER [300] is conducted for the worst
case scenario of a given year. For the RES and cosϕ(P) option, 4 consecutive
minutes (worst minute −2/+1 minutes) are calculated. The strategies using
a Q(V)-control (PCR, CES and Q(V)) are calculated in seconds and for a
longer time period of 60 consecutive seconds (worst second −29/+30 seconds)
in order to check the stability of the control.
In every time-step it is checked whether OL or OV limits are violated in
one of the 12 LV-grids. If this is the case, the maximum hosting capacity
is reached and the expansion of additional PV systems in this LV-grid is
stopped, while being continued in the remaining LV grids. With other words:
all possible PV systems according to the expansion pathway are integrated
in every LV-grid until the hosting capacity or the PV expansion potential
of every LV grid is reached. The total hosting capacity of the pilot region
results from the individual values of the respective LV grids.

7.2.2 Economic Comparison of the Flexibility Options
The economic analysis is based on the PV expansion pathway until 2025 (see
also subsection 3.5). The future PV systems are integrated into the electrical
grid model according to their predicted year of construction. If, as a result,
OV or OL occurs in the load ow calculation, automatic (traditional) grid
expansion measures are applied based on [18] as described in section 2.3.
If OL or OV is not solved by these measures the solution of [78] is taken
into account, which implies adding a NAYY 240 mm2 line from the MV/LV
transformer directly to the PCC where the problem appears, to solve the
remaining issues. In this way, the total technical PV potential of 4.6 MWp
for the year 2025 from Fig. 3.13 can be reached in all cases. This is dierent
to the methodology for the technical comparison in which for every exibility
option a dierent amount of PV-systems are integrated until the maximal
hosting capacity is reached.
The costs of the scenarios are calculated using the net present value method
for the period 2013-2050. All costs are discounted for the reference year using
a discount rate of 4 %. The installation costs applied in the calculation are
listed in Table 7.2. A lifetime of 40 years is assumed for cables and 45 years
for transformers respectively. In the year 2050 the residual values of the grid
equipment are taken into account.
The operating costs consist of the grid loss costs and the costs of the reac-
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tive power supply of the large BSS, as it is assumed that the DSO reimburses
the cost for the reactive power supply to the BSS operator. It is assumed that
the grid status achieved in 2025 will remain unchanged until 2050. In this
way it is possible to compare the cost of the various exibility options with
the pure grid expansion for the period 2013-2050, as these options may increase or decrease the operating costs. For the grid losses, 64.40 EUR/MWh
are agreed with the DSO of the pilot region. The cost for the additional
energy required to provide reactive power control is set to 55.59 EUR/MWh
for the large scale BSS. The cost for the purchased energy is composed of
the sum of EUR 33.09 EUR/MWh for procurement on the intraday market,
20.50 EUR/MWh for electricity tax and 2 EUR/MWh additional costs for
the trading participation. In the case of the cosϕ(P) and Q(V)-control of
PV systems, costs for lost prots are considered when the inverter has to
reduce the active power due to the reactive power control (see subsection
7.2.3). These costs are set to 12.31 EUR/MWh, which represents the missed
feed-in tari [301]. Investment costs of BSS or PV systems are not considered, as within this study it is assumed that the cost burden is taken by a
third party investor pursuing a business model.
Table 7.2: Assumed operating expenditures for the automated grid expansion, based on [18] and [78]. Cable costs include earthworks.
Equipment
Sizing
Costs
2
NAYY
150 mm
60 kEuro/km
NAYY
240 mm2 65.5 kEuro/km
NA2XS2Y
185 mm2
80 kEuro/km
Oil-immersed transformer 630 kVA
10 kEuro
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7.2.3 Flexibility options
In this subsection the dierent exibility options used in this chapter are
presented and summarised in Table 7.3. The purpose of all control methods
is to prevent OL and OV.
Table 7.3: Control strategies and control devices of the ve exibility options
employed in this work.
Flexibility
option

Control
device

cosϕ(P)

PV system

Q(V)

PV system

RES

PV/RES
system

PCR+Q(V)

large BSS

CES+Q(V)

large BSS

P-control
(business case)
maximum feed-in;
using feed-in tari
maximum feed-in;
using feed-in tari
self-consumption;
adaptive persistence
forecast [281, 302]
P(f)characteristic [303]
like RES; with
cumulated proles

Q-control
cosϕ(P)-characteristic [47]
(Fig. 7.1)
Q(V)-characteristic PV [45]
(Fig. 7.2)
Q(V)-characteristic BSS
(Fig. 5.10)
Q(V)-characterisic BSS
(Fig. 5.10)

cosϕ(P)-control
The cosϕ(P)-control is the state of
the art for the reactive power concosφ [-]
trol by PV systems connected to LV
grids and is described in detail in [47].
0.9/0.95
For most of the installed PV systems
(ind)
in Germany the rated apparent inverter power is smaller than the rated
1
PV-module power. In such cases, it
0
1
0.5
may happen that an undersized inPPV/Sr, inv [p.u.]
verter cannot supply the requested active and reactive power in accordance
with [47]. If this is the case, the re- Figure 7.1: cosϕ(P)-control chacteristics, according to [47].
quested reactive power has priority.
As a result the active power is reduced
and the revenues of the PV plant owner are reduced accordingly.
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As shown in Fig. 7.1 the reactive power is dependant on the ratio of the
actual PV power PPV and the rated inverter apparent power Sr, inv . When
the active PV power exceeds 50 % of the rated inverter apparent power, the
power factor cosϕ is reduced.
The minimum power factor depends on the rated apparent power of the
PV inverter (see Table 7.4).
Table 7.4: Power factor depending on the rated PV system inverter power
Sr, inv .
Sr, inv ≤13.8 kVA Sr, inv >13.8 kVA
cosϕ(P)=0.95
cosϕ(P)=0.90
As PV systems in Germany reach their maximal power only a few hours
a year, the rated inverter power is often sized smaller than the rated PV
system power. Thus, in the analysed region the rated inverter power is set
to 85 % of the rated module power.

Q(V)-control
In the case of the Q(V)-control, the reactive power is adjusted as a function
of the voltage at the PCC of the PV system or BSS. Therefore, reactive power
is only supplied when it is really needed. In this work, the Q(V)-control is
applied to inverters of PV systems without RES and large scale BSS, with
two dierent characteristics: Q(V)-characteristic PV and Q(V)-characteristic
BSS.
The characteristics of the Q(V)-curve for PV inverters installed in Germany are not yet regulated but are discussed in a variety of studies [45, 78,
304]. As previous investigations have shown, the stability of this control
strategy depends to a large extent on the set control parameters [304, 305].
In this assessment, the stable conguration of [45] is implemented (see Fig.
7.2). As in the cosϕ(P)-case, the PV system owners may lose part of their
income if the PV inverter is not sized accordingly.
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cosφ [-]
slope
11%/V

1.09

1.07

1.05

1.03

1.01

0.99

0.97

0.95

0.93

0.91

0.9/0.95
(inductive)

V [p.u.]

0.9/0.95
(capacitive)

Figure 7.2: Q(V)-characteristic used for the reactive power control for PV
systems, according to [45].
If the voltage at the PCC is lower than 0.97 p.u. or higher than 1.03 p.u.,
the supplied or absorbed reactive power increases linearly until a maximum
reactive power value Qmax is reached, which is calculated with the power
factor cosϕ=0.9 or cosϕ=0.95 dependant on the rated apparent power of the
inverter analogue to the cosϕ(P)-control (see Table 7.4). The linear slope is
11 % Qmax /V (phase-to-ground-voltage).
The Q(V)-characteristic for large scale BSS is depicted in (Fig. 5.10) and
based on [18, 26, 41, 45]. It has been implemented in the VRFB prototype.
For both Q(V)-controls a PT1-element is assumed with an amplication
factor K=1 and a time delay of T=5 seconds [45].

Residential Storage Systems
Another type of exibility option to reduce OL and OV is the implementation of RES with feed-in limitation. Since 2013, the increase of the self-
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consumption with RES can be a viable business model for small PV plants
in Germany [214]. To push this storage application the German government launched an incentive program for RES, which is also scientically
monitored [37]. One of the main requirements to take part in this incentive
program is to limit the feed-in power of the corresponding PV system to
50 %. This feed-in limit is also employed in this study. The adaptive persistence forecast control strategy, presented in section 6.2, may be the most
protable from the storage owner's point of view. This strategy secures the
best results with regards to the performance indicators (dened in section
6.2): curtailment loss ratio ratio (CLR), self-consumption ratio (SCR) and
self-supply ratio (SSR). For all RES analysed in this work a lithium-ion battery system with a watt-hour system-round-trip eciency of 84 % and an
usable battery capacity between 20% and 90% of its nominal capacity C is
assumed [302].
As introduced before and applied in chapter 6, [37, 302] present a sizing
rule for an economical sizing of RES: C should be 1 kWh for a nominal PV
power PPVp of 1 kWp and an annual load consumption LC of 1 MWh. To
size the RES, lowercase symbols c, pPVp and lc are introduced to eliminate
the units:

c=

PP Vp [kWp ]
C[kW h]
LC[M W h]
; pP V =
; lc =
1 kW h
1 kWp
1 MWh

(7.1)

The sizing rule of [37, 302] can now be written as follows:

c : pP V : lc = 1 : 1 : 1

(7.2)

However in most cases, the actual sizing deviates from this economical
best case, as pP V 6= lc for most of the PV systems in the pilot village the
storage capacity is sized to match the lower value. This is shown in equation
(7.3) where c depends on pPVp and lc. C is limited to 30 kWh, according
to [37].
c = pP V , if pP V ≤ lc and c = lc, if lc ≤ pP V
(7.3)

Pooled Large Scale BSS for Primary Control Reserve
In this subsection the focus lies on large scale BSS providing a system supportive PCR. In the SPF-project the BSS is connected to the LV busbar of
a MV/LV-transformer, where it provides PCR according to a P(f)-function
and reactive power according to a Q(V)-function. The applied system supportive PCR operation strategy and simulation model is presented and validated along with the applied the Q(V)-control characteristics in chapter 5.
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Within the village described in section 3.4, large BSS are connected to the
twelve LV grids within this test region. However, the BSS in the SmartPowerFlow project has a rated power of 200 kW and can lead to OL in some
MV/LV-transformers. Therefore, the BSS are sized so that the hosting capacity of the pilot region is not reduced compared to the reference scenario,
in which no exibility options are applied. The apparent power reserve of
every MV/LV-transformer, when the maximal number of PV systems in the
reference scenario are installed, is used as sizing criterion for the BSS. The
BSS are sized in 50 kW steps for every LV grid according to the apparent
power reserve mentioned above.
The BSS allocated and sized in this way are integrated into the grid model
and the hosting capacity assuming a worst case scenario can be calculated.
The most critical grid state arises when maximum reverse power ow caused
by the PV systems and maximum grid feed in by the BSS providing PCR
occurs at the same time. The maximum PV power output is determined
by a simulation over the period of one year with the data set and model
as described in section 3.4. The maximum PCR value is determined using
a worst case data set from the Swiss grid operator Swissgrid. The data is
described in detail in subsection 5.3.1.

Community Electricity Storages
The VRFB-prototype battery model of the SPF-project is also used to simulate a CES operation mode. This mode has not been implemented in a
eld test, but is based on eld test data (voltage at the PCC, charge and
discharge characteristics of the BSS). As for the PCR option, the BSS is connected to the LV-busbar of the MV/LV transformer and the same reactive
power control applies. Instead of providing PCR the active power of the BSS
is used in this case to maximise self-consumption with the same operation
strategy as the RES. Although the incentives of [37] are only granted for
RES (30 kWh limit), the 50 % limit is used also for CES to assure a better
comparison. A simplied 1-min battery model of the SPF-prototype for the
CES application, the operation strategy, all simulation assumptions and a
the technical and economic assessment of this BSS application is presented
and analysed in detail in chapter 6. For every CES, the proles of the generators and loads are summed. The calculation of the dynamic feed-in limit is
performed only for the accumulated proles. The operation strategy applies
these accumulated proles. The resulting charging or discharging power is
calculated for every 1-min time-step. Thus, the load ow calculation for this
application is also conducted in 1-min time-steps.
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It is assumed that the sizing rule of RES (see equation 7.2) applies to CES,
too. Since the BSS is connected to the LV-side of the MV/LV-transformer,
all the loads and PV systems of the same LV-grid were assigned to one CES if
possible, otherwise the loads of nearby LV grids were assigned. This leads to
a non-optimal sizing of the loads and PV systems, but increases the hosting
capacity of the LV grids by preventing OL of the MV/LV-transformers. To
avoid OL due to the reactive power ow induced by the Q(V)-control, the
CES are installed at LV-grids with MV/LV-transformers with at least 250
kVA rated apparent power.

7.3 Alternative Approach: Results and Discussion
Firstly, the resulting sizing, allocation and performance of the three storage
options are presented and discussed. Secondly, the impact on the grid of
the various exibility options are compared under technical and economic
criteria.

7.3.1 Sizing, Allocation and Performance of the Storage
Options
Residential Storage Systems
When the sizing rule presented in equation 7.2 is applied to the reference
scenario only 31 % of the RES of the pilot region lie within the economical
favourable range of pPV :lc of 0.5:2. As curtailment losses depend on the
sizing of the RES and the c:pPV :lc-ratio varies greatly, the impact of the
sizing on performance indicators is severe, as listed in Table 7.5.
The performance indicators were calculated by simulating a given year in
1-minute steps. It can be seen that the bigger the dierence ratio between
lc and the PV size the poorer the performance of the storage system. In
the rst case in the table, almost all of the load can be covered by the PV
system but the curtailment losses are high. In the second case, the PV
power is consumed completely and no losses occur but the total load cover
is modest. In the third case the performance indicators show typical values
of an economically optimised system, as presented in subsection 6.2.3. The
average household curtailment loss in the pilot village amounts to 6.5 %.
The average RES size is 5.1 kWh and 92 % of the RES are below 10 kWh.
However, as large PV systems with a non-optimal pPV :lc-ratio curtail large
amounts of energy, the total losses for the village rises to 9.3 %.
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Table 7.5: Performance indicators for dierent RES system sizings.
c:pPV :lc-ratio SCR SSR CLR
1:100:1
1%
87% 11%
1:1:100
100% 13% 0%
1:1:1
51% 73% 3%

Grid Supportive Pooled Battery Storage System for PCR
The sizing and allocation of the BSS providing PCR results from applying
the methodology described in subsection 7.2.3. As for the VRFB-prototype
the ratio of rated reactive power to rated active power (Q2P) and the ratio of
rated capacity to rated active power (E2P) is kept 2:1 for all BSS within the
pool. Thus, in Table 7.6, only the installed rated power Pbat,r and the maximum prequaliable power Pbat, pq of each BSS for every low voltage grid are
listed. In T2, T7, T8 and T9 no BSS are installed, as this would reduce the
hosting capacity compared to the reference scenario. The cumulative rated
BSS-power is 1.2 MW with a maximal pre-qualied power of 1.05 MW which
is enough to participate at the PCR-market (compare market restrictions
Table 4.3).
Table 7.6: Installed rated power Pbat,r of each BSS for
LV-grid
T1
T3
T4
T5
T6 T10
Pbat,r [kW]
400 100
50
100 100 100
Pbat,pq [kW] 350 87.5 43.75 87.5 87.5 87.5

every LV grid.
T11
T12
300
50
262.5 43.75

Grid Supportive Community Electricity Storages
In the status quo there are 2.1 MW of PV power installed in the pilot village.
As the sizing rule of equation 7.2 has been applied, only the geographically
closest loads with a cumulated LC of 2.3 GWh, were combined to 5 separate
CES systems with a C of 400 kWh, as depicted in Figure 6.16. To comply
with the sizing rule, by installing more and more PV systems, more CES can
be installed, too. For every 400 kW of additional cumulated PV power a new
CES is added. In total eight CES are installed in the pilot village until 2025.

182

7.3 Alternative Approach: Results and Discussion

Performance Indicators and Allocation
The performance indicators SCR and SSR and the allocation for all eight
CES are listed in Table 7.7. The indicators were calculated with (index PV)
and without storage (index CES) in order to evaluate the inuence of the
CES. It can be seen that the BSS increases the SCR and the SSR. The rst
row of the table shows the ratio of the PV systems connected to the CES
PPV in kWp and the cumulated LC in MWh, respectively.
Table 7.7: Allocation, sizing and calculated performance indicators of the
CES for the year 2025.

LV-grid
pPV :lc
SCRPV [%]
SCRCES [%]
SSRPV [%]
SSRCES [%]

CES 1

CES 2

CES 3

CES 4

CES 5

CES 6

CES 7

CES 8

T1
1.2:1
33
51
45
67

T6
1.1:1.1
41
59
44
62

T9
0.9:0.9
34
52
45
68

T10
0.9:1.1
37
54
43
63

T11
1:1.6
55
69
43
54

T4
1:1.4
43
60
41
56

T7
1.1:1.3
46
63
41
56

T12
0.7:0.6
30
47
51
79

The inuence of the dimensioning of the load and PV can be shown by the
example of CES 5. In this case, there is signicantly more load connected to
this CES than to the other storages, leading to the smallest increase of the
self-consumption rate from 55 % without CES (SCRPV ), to 60 % with CES
(SCRCES ). The oversized CES 8 on the other hand, results in the highest
self-supply ratio with CES SSRCES of 79 %. The curtailment loss ratio for
all CES lies under the negligible level of less than 1 %. This is a factor 3 to 7
smaller then the curtailment losses of the same operation strategy applied to
one optimal sized residential PV-storage system, if compared with [293] and
Table 7.7 and a factor 9 smaller for the whole village. The negligible curtailment losses and the reduction potential of CES matches with the results
of [221], who compared RES with CES for LiB .

7.3.2 Technical Assessment
To compare the exibility options technically, the relative and absolute increase of additionally installed PV systems (Fig. 7.3) as well as the additional
maximum hosting capacity (Fig. 7.4) is calculated for every exibility option.
For this purpose, the status quo of the grid is expanded with PV systems
according to section 3.5 until in every single LV grid the maximal amount
of PV systems are integrated. The sum of the status quo of PV systems
(2.1 MW) and additional PV installations (1.1 MW) represents the hosting
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capacity of 3.3 MW for PV systems in the village without exibility and is
used as a reference scenario.
As shown in Fig. 7.3 for all exibility options, additional PV systems can
be integrated compared to the reference scenario. For the scenario with large
scale BSS providing PCR, the additional PV system power is increased by
21 % (1.4 MW), with cosϕ(P) by 52 % (1.7 MW) and by 53 % (1.7 MW)
with Q(V), by 78 % for CES (2.0 MW) and by 129 % for RES (2.6 MW).
The relative values are the ratio to the additional PV system of the reference
scenario (1.1 MW) and the additional PV system power of the corresponding
exibility option. In the dierent LV grids, the additionally installed PV
power varies greatly depending on the grid topology. For the grids T1, T5,
T11 and T12, the full PV potential can be connected to the grids for all
scenarios, because the hosting capacity is not reached in any of these grids.
In the case of the two reactive power control scenarios cosϕ(P) and Q(V),
more PV systems can be connected to the grids T2, T3, T6, T7, T9 and T10,
as in the scenario without exibility in which OV limits the hosting capacity.
The reactive power control exibility options can solve the OV issues such
that further PV systems can be connected until the OL threshold is reached.
In contrast to the two previous exibility options, the RES option limits
the feed-in power. As a result, OL and OV occurs at higher penetration
rates and thus more PV systems can be connected to the grids T2, T3, T6,
T7 and T9 compared to all other options. For the grids T2, T3 and T6
OV is the limiting factor, as in the reference scenario, whereas for T7 the
250 kVA MV/LV-transformer is limiting the hosting capacity due to OL when
a installed PV system power of 503 kVA is reached in this LV grid. In T9
the whole technical PV-potential can be hosted.
The main dierence from the scenario in which large scale BSS provide
system supportive PCR to the other exibility options, is that in this case
the BSS represent additional generators connected to the grid. This is due
to worst case assumptions applied in traditional grid planning in which the
PV systems and the BSS act as generators providing their maximum power.
Nevertheless, additional PV systems can be installed in the grids T2, T6,
T7, T9 and T10.
The option with the second highest increase of PV systems is the CES
option, even if in T2, T3, T5 and T8 there are no CES installed. This can
be seen for T2 and T3, in which other options such as reactive power control
options perform better, even if in T2 the voltage is reduced by CES in other
LV-grids and therefore still outperforms the reference scenario.
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Figure 7.3: Relative and absolute increase of additionally installed PV system power for the whole pilot village and every LV grid seperatly.
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The increase of the (additional maximal) hosting capacity for the whole
village of the exibility options with respect to the reference scenario is shown
in Fig. 7.4.
50

Additional hosting capacity [%]

40
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20
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0

cosφ(P)

Q(V)
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in relation to the PV-system power
in relation to the PV-system power and BSS power
power

Figure 7.4: Relative increase of maximum hosting capacity of the PV-system
power with 3.3 MW (reference scenario) for the whole the village.
Unlike in Fig. 7.3, in Fig. 7.4 the shown values are the relative increase
of the hosting capacity. These relative values are the ratio of the hosting
capacity of the reference scenario (3.3 MW) to the hosting capacity of the
corresponding exibility option. The hosting capacity depicted can be increased for all exibility options: the hosting capacity can be increased with
cosϕ(P) and Q(V) by 18 %, by 27 % for CES and by 45 % for RES, by 7 %
for BSS proving PCR. If the hosting capacity is not limited to the maximum
amount of PV systems that can be connected to grid, but also in cooperates BSS systems that act as a generator, the increase of hosting capacity is
much higher for the PCR option (44 %). In the RES and CES scenarios the
nominal power of the RES/CES cannot be considered as additional generators connected to the system, since these systems only have a time shifting
purpose. Since these systems are designed to increase self-consumption they
do not feed into the grid at all (RES) or at least not at the same time as the
PV systems (CES).
The implementation of the exibility options cosϕ(P) and Q(V) lead to a
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similar increase in the hosting capacity, which is also conrmed by the results
of [45]. Whether the Q (V)-control results in higher reactive power ows as
the cosϕ(P)-control to reach the same hosting capacity depends on several
factors, such as the set voltage on the MV busbar (here 1.03 p.u.) of the
HV/MV-substation, the set-points of the Q(V)-characteristic and the grid
topology. The increase in hosting capacity of the cosϕ(P)- and of the Q(V)option are close to the reported value of 20 %-40 % for rural grids calculated
by [45].
In conclusion, all exibility options are able to increase the hosting capacity
compared to a scenario without exibility option in the pilot region. The
economic aspect of the options is analysed in the next section.

7.3.3 Economic Assessment
In this section the economic aspects of traditional grid expansion versus the
application of exibility options are presented. As described in section 3.5 a
PV-expansion pathway, based on the aims of the Bavarian government and
the resultant grid reinforcement, is considered until 2025 for the economic
assessment. The distribution grid of the pilot region is described in section
3.4. Although the entire distribution grid (MV and LV) is considered for the
automated grid expansion, the grid reinforcement only takes place in LV.
This is due to the PV expansion methodology causing new PV systems only
to be connected to LV, as they are relativity small roof top installations.
The net present value method is applied to compare the dierent exibility
options. For the calculation of the net present value it is assumed that the
grid will remain at the status of the year 2025 until 2050. In Fig. 7.5 the
costs that have to be borne by the DSO and by the BSS or RES owner are
shown.
The costs that concern the DSO are: the grid expansion costs, costs to due
grid losses and additional costs due to Q-management. The grid expansion
costs are net present values of the grid assets minus the residual values of the
assets in the year 2050. The operation expenditures consist of the costs due
to grid losses and the costs connected to the reactive power control of the
large scale BSS. It is assumed that the large scale BSS operator is reimbursed
for the additional costs caused by the Q-management. As shown in Fig. 7.5
all exibility options result in lower grid reinforcement and lower overall costs
compared to the reference scenario without exibility option. The costs for
the grid losses could only be lowered in the RES scenario by 8 kEUR. All
other exibility options result in rising grid losses: 15 kEUR for PCR and
CES, 21 kEUR for cosϕ(P) and 23 kEUR for Q(V). The higher grid losses are
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Figure 7.5: Total costs borne by the DSO and by the BSS or RES owner for
all scenarios.
caused by the increase in thermal losses induced by the additional reactive
power in the grid caused by the reactive power control of these exibility
options. A much higher inuence of the exibility options can be seen in the
grid reinforcement costs: The RES-option may save up to 85 %, the CESoption 83 %, the options cosϕ(P) and Q(V) 79 % and the PCR-option 32 % of
the grid expansion costs until 2025. For the CES and PCR-option, however,
additional costs of 24 kEUR arise that have to be reimbursed to the BSS
operator for the ancillary service of providing reactive power control.
In a more holistic cost assessment in addition to the costs of the DSO, the
curtailment losses by the BSS or RES have to be considered, too. These costs
are not reimbursed and are borne by the battery owners. In the cosϕ(P) and
Q(V)-option these costs apply only in the case when the active power has
to be reduced to provide the requested reactive power. Even if these costs
are very low for these two options, it can be shown that the Q(V)-control
is able to reduce the curtailment losses by 50% from 4 kEUR to 2 kEUR.
Furthermore, the RES-option which is the most protable solution from the
DSO's point of view appears to be the least protable if the curtailment
losses are also taken into account. This is due to the 50 % feed-in limit,
which with a the non-optimal storage sizing (see subsection 7.3.2) for RES,
leads to total costs that exceed the costs of the reference scenario by more
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than 100 %. Finally, the CES-option shows a high cost saving potential
compared to RES by sharing large scale BSS to maximise self-consumption.
This is especially true if non optimal sizing of the RES is applied. For the
pilot village the costs due to curtailment losses can be reduced by 91 %,
turning the CES-option into the most protable one, if storage systems are
integrated into a existing grid to prevent future grid expansion costs.
Future studies might analyse how the set value of the voltage on the
HV/MV busbar inuences the reduction of grid expansion costs. As in this
this work the on-load tap changer of the HV/MV transformer is not taken
into account, future studies might also evaluate the impact of diverse decentralised autonomous reactive power control strategies on the control of the
on-load tap changer. They might cause unwanted oscillations, for example.
Another interesting research question would be to analyse the additional
cost saving potential if the applied OV and OL criteria would not be as strict
as in this work. In this work, as common practice in the DSO distribution
grid planning, the OV and OL threshold can not be surpassed in any simulated time-step. But for oil immersed transformers a higher OL limit might
be applied, as suggested by [13]. The OV limit could also be applied less
strict, as according to DIN-EN 50160 [41], only 95 % of the 10-minute RMS
average of the voltage values must not exceed ±10% of Vn . A further restriction is that the interval of +10%/-15% of Vn can not be surpassed. Applying
the less strict OV and OL criteria described above, would probably aect the
maximum hosting capacity as well as the cost saving potential considerably,
as for example most of the MV/LV transformer in rural areas in Germany
are oil immersed transformers.

7.4 Chapter Summary
In this chapter the traditional approach to implement large scale BSS in
distribution grid planning is presented and the disadvantages by this state
of the art approach are discussed. In order to overcome this disadvantages
an alternative approach is presented. With this new approach ve exibility options are analysed as an alternative to PV induced traditional grid
expansion for a specic pilot region. The options are: two reactive power
control strategies with PV inverters, one residential and two large scale BSS
applications. The exibility options are assessed from a technological and an
economical point of view.
The main nding of the technological evaluation is that for all exibility
options the hosting capacity for PV systems can be increased in the distribu-
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tion grid of the pilot region compared to the reference case which represents
traditional grid expansion. The most eective exibility options in descending order are: RES, CES, Q(V), cosϕ(P) and PCR. However, if in the case
of PCR the additional BSS are considered as generators, PCR becomes the
second most eective option. The amount of additional PV systems that
can integrated in a LV-grid depends highly on the topology of the grid. It
is shown, that the analysed reactive power control options (Q(V) for CES,
PCR and PV systems, cosϕ(P) for PV systems) can relieve LV-grids with
long feeders, OV issues and low capacity utilisation of the MV/ LV transformers, since in these cases the hosting capacity of the grid can be increase
until OL occurs in the MV/ LV transformers. In the reference scenario as
well as in the RES-option the hosting capacity is limited by mainly by OV.
In the RES-case this issue is addressed successfully by limiting the feed-in
power by applying a 50 % feed-in limit to the operation strategy. Nonetheless, this feed-in limit causes a 9.3 % of CL due to non optimal sizing of
the individual RES-systems. This high amount of CL may put the CESoptions as a viable alternative considering that with this option the CL can
be reduced by 91 % pursuing the same business model. The PCR-option
represents a special case: In spite of adding additional generator capacity to
the grid (from the DSO's perspective) the hosting capacity is increased due
to the grid supportive behaviour of the Q(V)-control.
The economic assessment shows that from a DSO's point of view all exibility options are preferable alternatives to traditional grid expansion for
the analysed pilot region and PV-expansion pathway. From all scenarios the
RES-option shows the highest cost saving potential. The cost saving ranking
order is the same as the technical ranking, which is based on the capability
of the exibility option to increase the hosting capacity and therefore reduce
grid expansion costs. It is shown that the reduction of the grid expansion
costs has the most impact on the DSOs' costs as all exibility options lead to
similar grid operation costs. However, the ranking order is changed considerably if the costs resulting from CL are integrated in a more holistic cost assessment. These CL lead to additional costs which could surpass the avoided
grid expansion costs for RES-option. However, the CES-option however is
able to reduce the CL substantially and is therefore still more economical
than traditional grid expansion, which turns it into a viable alternative to
the RES-option.
In conclusion, all analysed exibility options are capable of reducing the
grid expansion costs compared to a scenario with only traditional grid expansion. Furthermore, it shown that market driven storage applications like
PCR may be grid supportive, if the BSS is sized and allocated properly and
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combined with a reactive power control strategy.
Finally, DSO are therefore encouraged to consider the integration of additional PV and battery storage systems not as a problem which triggers
grid expansion, but as part of the solution for reducing future grid expansion
costs. This is due to the great cost reduction potential, when a grid/system
supportive BSS is integrated in a distribution grid, compared to traditional
grid expansion.
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Conclusion

In this chapter the context of the thesis is covered, the motivation and research objectives are described and the general conclusions of the work are
drawn. Furthermore, the added value of the presented research is highlighted
and possible future work is presented.

Context of the Thesis and Motivation
Electrical energy systems are changing all over the world, as conventional
power plants are being replaced by renewable energy systems as part of the
energy transition. The survey area of this thesis is limited to Germany, which
has a leading role in promoting the energy transition. This limitation is necessary, due to the national character of technical regulations and the legal
framework. Nevertheless, most of the results can be transferred to other nations in the EU and beyond. Renewable energy systems are mainly connected
to the distribution network in a decentralised manner, due to their smaller
system size. This may cause inecient grid operation and increased grid
expansion measures that have to be borne by the general public. Therefore,
alternatives are investigated and evaluated. The project SmartPowerFlow
was initialised and funded, to analyse these alternatives to traditional grid
expansion and is an essential part of this work.

Main Research Objective
The main research objective of the thesis is to quantify the reduction potential of grid expansion measures, caused by a growing share of renewable
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energy systems, when battery storage systems are applied. However, the sole
re-nancing of large scale battery storage systems on distribution grid level is
dicult, even if the battery prices are falling rapidly. There are two reasons
for this: Firstly, it is unclear from a legal and regulatory point of view how
battery storage system operators may be remunerated for the avoided grid
expansion. Secondly, the prices of grid equipment in distribution grids is
several times lower than in transmission grids and thus it is very dicult for
large scale battery storage systems to compete with traditional grid expansion in these low voltage levels. Therefore, the focus of this work lies on the
analysis of promising combinations of a protable and grid supportive operation strategies for large scale battery systems in general, and for a specic
Vanadium Redox Flow Battery prototype in particular.

Thesis Contribution
The thesis covers a literature review, simulation-based assessments and verication of the simulated results in a eld test. By reviewing the literature
about the integration of large scale battery systems in distribution grid planning in chapter 2, the gaps in research are identied and the contributions of
this thesis are derived. The main contributions address these research gaps
and are listed hereafter:

Thesis Contribution 1

The most protable market based business case and the business case with
the highest cost reduction potential are identied for the German energy
sector: primary control reserve and maximising the self-consumption of generated PV energy (chapter 4). Two simulation models, which are created
for these two applications for a large scale Vanadium Redox Flow Battery
prototype are based on based on measured values, are described in chapter 5
and chapter 6. Both applications are combined with an autonomous reactive
power control. As a result, high quality time-series are created and applied
to distribution grid planning.

Thesis Contribution 2

In chapter 5 and chapter 6 techno-economic assessments of both grid supportive business cases applied to a Vanadium Redox Flow Battery prototype
implemented in a specic pilot region, which is presented in chapter 3, are
conducted. As a result, the possible prots and the additional cost burden
of the grid supportive behaviour for the two business cases are quantied.
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Thesis Contribution 3

The high quality time-series for both grid supportive business cases are applied to an alternative distribution grid methodology called expert system.
As a result, future grid expansion costs are quantied for a given DG expansion pathway of a pilot region, in chapter 7. The costs are compared with the
costs caused by the implementation of large scale battery systems (applying
the two identied grid supportive business cases) and other more common
alternatives to traditional grid expansion.

Main Highlights and Conclusions
The general conclusions and main highlights of the work are presented here,
as extensive conclusions on each discussed topic can be found in the summary
of each chapter.

• The pilot grid for the allocation of the vanadium redox ow battery
systems prototype was selected by a search algorithm which maximises
the impact on future grid expansion costs, as presented in chapter 3.
A primary criterion in the search algorithm is to nd a grid connection
point at which the grid is not stressed any further but, if possible,
released as much as possible. The algorithm nds locations, at which
grid supportive and at the same time market-driven applications of the
battery are possible to combine.
• In chapter 5, the simulation model of the grid supportive primary control operation mode is validated in a the eld test. This simulation
model is later used for a technical and economic assessment of the application in a pilot region. However, it turned out that from a technical
point of view the battery system is not optimally suited for this application. The reason for this is that in the primary control reserve mode
in about 90 % of the time only 20 % of the oered power is needed. In
this requested power range, the battery prototype showed a very low
performance (e.g. 15 % eciency at 5 % of the rated power). However,
from an economic point of view, the low system eciency is negligible as correction energy costs traded at the energy market accounted
for only a small proportion of the revenues. For the same reason, the
positive economic impact of the degrees of freedom free that are free
of charge is low, too. Likewise, the extra cost burden for the provision
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of reactive power caused by the grid supportive behaviour can be neglected as it represents only 0.5 % of extra costs. Overall, investment
costs and revenues from the primary control reserve market are the
deciding factors for the protability of this business case. While Li-Ion
batteries can achieve positive net present values due to lower investment costs under today's conditions, the average investment cost of
vanadium redox ow batteries for a protable operation are still 60 %
too high. However, since this is a new technology, a high cost-saving
potential can be expected. The economic analysis showed the current
investment uncertainty for battery projects, but also their potential for
a strong impact on the market if lower investment costs can be realised
in the future. To ensure investment security, it seems mandatory to
harmonise the regulatory framework at the EU and national levels.

• The second most promising revenue opportunity is analysed in chapter 6 for the pilot region: the application of large scale battery system as a community electricity storage in order to maximise the selfconsumption of a community. For the protability of the grid supportive self-consumption business case, the investment costs, the price
of the feed-in tari and above all the incurring charges and levies are
identied as the most decisive factors. It is shown that this business
case could already be protable in theory, but due to the legal framework in place, the investment costs of the vanadium redox ow battery
system would have to fall by 77 % in the best case to reach break even.
If a direct marketing business case for self-consumption is pursued no
prot can be earned as the incurring charges and levies lead to a negative cash-ow, at present. Furthermore, it is shown that the reactive
power provision and therefore the grid supportive behaviour does not
lead to any signicant additional costs for this operation strategy (less
than 1 % of the costs). Finally, the economic results of this operation
strategy are compared with lithium-ion batteries providing the same
service. It follows, that the community electricity storage application
is slightly more protable if lithium-ion batteries are used instead of
vanadium redox ow batteries. But no positive net present value can
be reached under the current conditions either. Finally, it is worth
pointing out that in spite of lower curtailment losses compared to residential PV storage systems and advantages of the economy of scale,
it is not clear whether community electricity storages applying selfconsumption maximisation will become feasible in the near future due
to the current unfavourable legal framework.
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• In chapter 7 the traditional approach to implement large scale battery
systems in distribution grid planning is presented and the disadvantages by this state of the art approach are discussed and alternatives
are presented. The disadvantages of traditional distribution grid planning are: Only active power ows are taken into account and reactive
power control is usually not considered, or only a xed cosϕ can be
taken into account as only one time-step for the two worst case scenarios is calculated. Furthermore, as there are no experiences with large
scale batteries in distribution grids, the diversity factors used to adapt
the active power of the battery systems might be very extreme to cover
all possible grid states of the worst case assumptions. It can be concluded that the traditional planning method will lead to over-capacities
and uncertainties concerning the reactive power ows.
• In order to overcome these disadvantages of traditional grid planning
with large scale battery systems, an alternative approach is presented in
chapter 7, which is based on detailed simulation models of the battery
systems. The simulation models of chapter 5 and chapter 6 provide
detailed time series of all relevant variables for the distribution grid
planning and include the individual behaviours of the grid users. The
time series represent a more realistic loading situation than with the
worst case assumption of the traditional distribution grid planning.
These two large scale battery systems exibility options are assessed
along with a cosϕ(P)-control and Q(V)-control for PV systems and
residential storage systems. It is shown that these ve exibility options
increase the hosting capacity for PV systems, compared to a scenario
without, by up to 45 % for the pilot region. Furthermore, the results of
the economic assessment indicates that the analysed exibility options
might be a viable alternative to traditional grid expansion as all of
them show a cost reduction potential.
In summary, the present work provides a set of tools for an assessment
of an implementation of grid supportive and of market-driven and other
prot orientated applications of large scale batteries at the distribution grid
level. Finally, the main conclusion of the thesis is, that grid supportive and
prot orientated battery applications are not contradictory. Thus, DSO are
encouraged to consider the integration of additional PV and battery storage
systems not as a problem which triggers grid expansion but as part of the
solution for reducing future grid expansion costs. This is due to the great cost
reduction potential if a grid/system supportive behaviour is applied which
largely exceeds the extra costs.
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Future work
It can be concluded from this thesis, that large scale battery systems may
contribute to reduce future grid expansion costs if they become feasible.
As this work is limited to a predetermined Vanadium Redox Flow Battery
prototype implemented in a specic pilot region, several proposals regarding
further work result:

• Further studies could determine to what extent the battery systems
power and capacity can be sized optimally for a grid supportive primary
control reserve and community electricity storage.
• Another research question would be whether, from a technical and
economic point of view, it makes more sense to transfer the proposed
methodology of a prot orientated and grid supportive battery application to other battery technologies as well as to battery systems
connected to other voltage levels.
• The characteristics of the Q(V)-curve could be optimised to reduce grid
losses and still increase the hosting capacity for DG. Further issues are
the stability of the operation strategy and the interaction with the
automatic tap changer of the transformer in the HV/MV substation.
• Future studies could examine if the economics of large battery projects
could be increased by combining several market driven business models
with the same battery. A promising combined application, could be a
community storage system which at the same time provides primary
control reserve.
• The assessment of the exibility options is limited to a specic pilot
region in Bavaria and a specic deterministic PV expansion pathway.
Further research projects could therefore analyse whether the results
of this work can be generalised by considering other distribution grids
and PV expansion pathways through a probabilistic approach.
• Finally, in this thesis, the exibility options to increase the hosting capacity for renewable energy systems are examined and evaluated separately. However, as it is shown that each measure has its advantages
and disadvantages, future studies should highlight how the dierent
exibility options can be combined best.
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B

Additional Information

B.1 Information on Vanadium Redox Flow Battery
Technology
The peculiarity of the vanadium redox ow technology is the possibility for
the spatial separation of energy medium and energy converter. Furthermore,
the two electrolytes are stored in separate tanks. Therefore, the power and
the storage capacity can be sized independently and the tank size determines
the energy capacity of the battery. The electrolytes are pumped from the
tanks into a charging and discharging unit called stack. The pumping system can be realized as a cascade operation mode, which allows to supply
only the needed stacks according to the power demand. This reduces the
self-discharge within the stacks considerably. An additional advantage is
that, in the event of a damaged membrane, no mutual contamination of the
electrolytes can occur. The spatial separation of the electrolytes also has a
positive eect on the self-discharge rate, which is vanishingly small. In addition, vanadium can be completely regenerated by external treatment and
thus recycled without loss after the end of the life time of the battery storage
system. Other positive aspects of this storage technology is the capability
for an easy scale-up due to the system design and the immunity to depth
discharge. In addition, this technology shows am excellent cycle stability
and no memory eect. On the other hand, due to the comparatively low energy and power density, the relatively high maintenance costs of all necessary
auxiliary equipment (e.g. pumps), the high commodity price and the poor
availability of the element vanadium must be considered disadvantageous.
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Figure B.1: Data sheet of the CellCube FB 200-400 DC (only available in
German).
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B.2 Data sheet of the inverter SCS630 developed in the SmartPowerFlow project

B.2 Data sheet of the inverter SCS630 developed in
theCENTRAL
SmartPowerFlow
project
SUNNY
Storage
500 / 630 / 720 / 760 /800 / 850 / 900 / 1000

Technical data
DC connection
Max. DC power (at cos φ =1)
Voltage range
Rated voltage
Max. input current
AC connection
Rated power (at 25°C) / nominal AC power (at 50°C)
Nominal AC voltage / nominal AC voltage range
AC power frequency / range
Rated power frequency / rated grid voltage
Max. AC current / max. total harmonic distortion
Power factor at rated power / displacement power factor adjustable
Feed-in phases / connection phases
Efficiency1)
Max. efficiency
Protective devices
DC side disconnection device
AC side disconnection device
DC overvoltage protection
Lightning protection (according to IEC 62305-1)
Stand-alone grid detection active / passive
Grid monitoring
Ground fault monitoring / remote-controlled ground fault monitoring
Insulation monitoring
Surge arrester for auxiliary power supply
Protection class (according to IEC 62103) / overvoltage category (according to
IEC 60664-1)
General data
Dimensions (W / H / D)
Weight in kg
Operating temperature range
Noise emission2)
Max. self-consumption (operation)3) / self-consumption (night)
External auxiliary supply voltage
Cooling concept
Degree of protection: electronics / connection area (according to IEC 60529) /
according to IEC 60721-3-4
Application in unprotected outdoor environments / indoor
Maximum permissible value for relative humidity (non-condensing)
Maximum operating altitude above MSL 2000 m / 3000 m
Fresh air consumption (inverter)
Features
DC connection / AC connection
Display
Communication / protocols
Color enclosure / door / base / roof
Guarantee: 5 / 10 / 15 / 20 / 25 years
Configurable grid management functions
Certificates and approvals (more available on request)

● Standard features
Type designation

○ Optional features

— Not available

Sunny Central Storage
500

Sunny Central Storage
630

Sunny Central Storage
720

560 kW
430 V to 850 V
449 V
1400 A

713 kW
500 V to 850 V
529 V
1400 A

808 kW
480 V to 850 V
577 V
1400 A

550 kVA / 500 kVA
270 V / 243 V to 310 V

700 kVA / 630 kVA
315 V / 284 V to 362 V

792 kVA / 720 kVA
324 V / 292 V to 372 V

50 Hz / 315 V
1411 A / 0.03
1 / 0.0 leading to 0.0 lagging
3/3

50 Hz / 324 V

98.7%

98.6%

50 Hz / 270 V

98.6%

50 Hz, 60 Hz / 47 Hz to 63 Hz

Motor-driven load-break switch
AC circuit breaker
Type I surge arrester
Lightning Protection Level III
● /—
●
○/○
○
●
I / III
2562 / 2272 / 956 mm (101 / 89 / 38 inch)
1900 kg / 4200 lb
−25°C to 62°C / −13°F to 144°F
63 db(A)
64 db(A)
64 db(A)
1900 W / < 100 W
1900 W / < 100 W
1950 W / < 100 W
230 V / 400 V (3 / N / PE)
OptiCool
IP54 / IP43 / 4C2, 4S2
●/○
15% to 95%
●/○
3000 m3/h
Ring terminal lug / ring terminal lug
HMI touch display
Ethernet (optical fiber optional), Modbus
RAL 9016 / 9016 / 7004 / 7004
●/○/○/○/○
Reactive power setpoint, dynamic grid support (e.g. LVRT)
EN 61000-6-2, EN 61000-6-4, EMC-conformity, CE-conformity,
BDEW-MSRL-manufacturer’s declaration, Arrêté du 23/04/08

SCS 500

SCS 630

SCS 720

Figure B.2: Data sheet of the inverter SCS630
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Ranking
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Transformer
T1
T2
T3
T4
T5
T6
T7
T8
T9
T10
T11
T12
T13
T14
T15
T16
T17
T18
T19
T20
T21
T22
T23
T24
T25
T26
T27
T28
T29
T30
T31
T32
T33
T34
T35
T36

∑∆Vmax
[%]
159
156
146
142
133
132
120
120
118
118
118
113
111
108
101
101
95
95
94
94
90
90
90
88
88
86
85
82
82
78
72
70
70
70
67
67

Vmin
[%]
85
85
85
87
88
85
88
88
85
85
85
85
85
88
85
85
85
85
81
85
85
86
87
88
85
85
88
86
85
86
85
85
85
87
85
85

Vmax,1
[%]
107
106
105
106
103
107
103
103
108
105
105
110
106
108
105
104
102
104
105
104
107
106
104
105
103
106
104
102
100
103
110
112
102
103
106
102

Vmax,2
[%]
106
106
105
105
106
107
107
103
109
104
104
106
106
108
105
106
106
104
104
103
107
101
105
106
103
106
104
103
100
101
110
106
101
104
107
102

Vmax,3
[%]
107
107
106
105
108
107
103
107
107
105
106
106
102
105
105
104
105
103
104
104
107
106
103
103
102
106
104
102
104
101
107
107
106
107
109
101

Vmax,4
[%]
110
107
106
104
104
107
111
106
110
104
104
110
102
105
105
106
102
103
105
106
109
101
105
105
104
108
104
102
102
102
0
0
101
104
0
102

Vmax,5
[%]
109
106
107
104
103
107
118
109
109
105
105
106
102
105
106
106
105
106
0
102
0
106
108
109
101
0
109
103
101
101
0
0
0
0
0
0

viii
0
0
0
0

0
0
0
0
0

0
0
0
0
0
0
0

0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0

0
0
0

0
0
0

0

106
103
0
0
0
0
0
0
0

Vmax,8
[%]
0
0

Vmax,7
[%]
108
107
106
104
106
0
0
103
0
0
0
0

0
0

Vmax,6
[%]
107
112
106
104
104
107
106
105
0
105
104
0
103
105
0
0
0
0
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B.3 Ranking of the Possible Points of Common
Coupling of the Battery Storage System

Figure B.3: Ranking of the Possible Points of Common Coupling for the Battery Storage System at the MV/ LV transformers in the Grid
Region of Lechwerke Verteilnetze (excerpt)

Der Anbieter hat durch Simulationen vorab zu zeigen, dass das 15-Minuten-Kriterium, mit nach (5)
und (6) bestimmten Arbeitsbereich, unter Anwendung der im Konzept beschriebenen Nachladestrategie, wozu auch die Verlagerung der Vorhaltung und Erbringung auf andere TE im Pool dazugezählt
B.4unter
Pre-qualication
Test fornieBSS
to werden
Participate
werden kann,
normalen Frequenzverläufen
verletzt
kann. in the PCR market

B.4 Pre-qualication Test for BSS to Participate in
the PCR market
2.3 Bestimmung der nutzbaren Speicherkapazität

Dimensionierung der Leistungselektronik: Auch hier muss entsprechend der Nachladestrategie die
Leistungselektronik ausgelegt werden.

Für
Ermittlung derinPQ-Leistung
ist neben
dem „Doppelhöckertest“
die the
Bestimmung
der zulässigen
Todie
participate
the German
primary
control market,
technical
units (in
nutzbaren Speicherkapazität erforderlich. Diese ist unabhängig von der zu präqualifizierenden PRL,
this thesis a battery storage system) must complete a pre-qualication test.
positive oder negative PRL, durchzuführen und dient zur Ermittlung der zulässigen Ladegrenzen (DeThe des
performance
curve
finition
Arbeitsbereiches,
vgl.required
Kapitel 2.1 in
undthis
2.2).context for batteries is a modication

of the general pre-qualication test and additionally serves to determine the

Der Nachweis kann im Rahmen des Doppelhubtests erfolgen, in dem nach dem zweiten Hub ein weiusable storage capacity. The test procedure is depicted in schematically in
terer Hub angefügt wird und solange die Leistung erbracht wird, bis die Batterie die Grenze der nutzFigure
B.4
baren
Speicherkapazität
erreicht hat (siehe Abbildung 3).

Abbildung
Überprüfung
der nutzbaren
(Variante 1)
Figure 3:B.4:
Schematic
of theSpeicherkapazität
modied German
PCR
Deutsche ÜNB

pre-qualication test
7 von 9
[190] (only available
Conventional PCR Seite
providers
only have to complete the rst two phases of activation. Standalone storages need to full-ll the third phase. The third phase
can be used to determine the usable storage capacity.
29.09.2015
in
German).
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B.5 Grid Implementation Plans of the Battery
Prototype in the SmartPowerFlow Project

Figure B.5: Foundation plan of the SPF battery storage system (only available in German).
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Figure B.6: Single line diagram of the grid connection of the SPF battery
storage system (only available in German).
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Figure B.7: Communication schematic of the SPF battery storage system
(only available in German).
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Figure B.8: Auxiliary power of the SPF battery storage system (only available in German).
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B.6 Energy Quantities and Eciency for the PCR
Application
The simulation model returns all values and performances in each time step
∆t =1 s. The amount of energy of the primary control power fed-in or taken
from the grid without using the degrees of freedom for the time t is calculated
as follows (the sign convention: generator perspective):

Z
EP (f ),pos = P (f ) dt if P (f ) < 0
Zt
EP (f ),neg = P (f ) dt if P (f ) > 0.

(B.1)
(B.2)

t

where P(f) is the required power according to the P(f)-characteristic without the application of the DOF.
The amount of energy for the primary control power fed-in or taken from
the grid EP CP,pos and EP CP,neg with the application of the degrees of freedom
for the time time t is calculated as follows:

Z
EP CP,pos =

PP CP dt if PP CP > 0

(B.3)

PP CP dt if PP CP < 0

(B.4)

t

Z
EP CP,neg =
t

where PP CP required PCR power with the application of the DOF.
The purchased and sold amount of energy Ecorr,pos and Ecorr,neg to correct
the state of charge is therefore calculated by:

Z
Ecorr,pos =
Zt
Ecorr,neg =

Pcorr dt if Pcorr > 0

(B.5)

Pcorr dt if Pcorr < 0

(B.6)

t

where Pcorr is the power to correct the state of charge.
The total amount of energy fed-into and taken from the grid EAC,pos and
EAC,neg is calculated as follows:

Z
EAC,pos = PAC dt für PAC > 0
Zt
EAC,neg = PAC dt für PAC < 0.
t

xiv

(B.7)
(B.8)

B.6 Energy Quantities and Eciency for the PCR Application
where PAC is the total amount of power fed-into and taken from the grid.
Not included in the simulation is the power to run the pumps Ppump for
the electrolyte pumps. Within the SP F prototype, this energy demand is
covered with auxiliary power taken from the grid, but for the protability
analysis it is also calculated to be optionally drawn from the BSS. Thus, the
amount of correction energy needed is increased. Furthermore, this additional consumption is relevant for eciency considerations and is optionally
included in the energy balance:

Z

EC = (PAC − Ppump ) dt für PAC > 0
Zt
ED = (PAC + Ppump ) dt für PAC < 0.

(B.9)
(B.10)

t

where EC and ED is the total energy to charge or discharge the BSS and
Ppump the power needed to run the pumping system.
Due to the power-dependant battery behaviour, the eciency is not dened globally, but must be considered separately for dierent operating
modes. Nonetheless, the formula to calculate the AC-power dependant
round-trip eciency ηAC is given by:

ηAC =

EC
ED

(B.11)

For the operation of the grid supportive PCR operation mode an eciency
can be calculated by comparing two moments with same SOC for a dened
period. By considering the power on the AC-side of the BSS, the inverter of
the system is automatically included, so that the calculated eciency is the
BSS eciency of the overall system.
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B.7 Simulated State of Charge Prole for the Year
2013
SOCopt

SOCcorr

SOCav

State of charge [%]

SOCsimulated

Time [d]

Figure B.9: Simulated state of charge prole for frequency data of the year
2013 (publicly available frequency data by 50Hertz Transmission
GmbH). SOCav is the availability limit. Outside this threshold
the BSS does not reach its full power. SOCopt is the set state
of charge target value and SOCcorr is the correction limit. The
DOF schedule transactions is triggered when the SOC surpasses
the correction limits.
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B.8 Amount of Correction Energy for the LiB applied for PCR

B.8 Amount of Correction Energy for the LiB
applied for PCR
For an indicative comparison of the PCR operating costs of the two systems
considered technologies (VRFB and LiB), the results of [246] are applied.
Therefore, the ratio of the positive correction energy and the total energy
taken from the grid for a similar battery size and operation strategy are
taken from [246]:

Ecorr,pos,Li-Io
= 0.22
EAC,pos,LiB

(B.12)

The same ratio for the VRFB prototype without reactive power provision is:

Ecorr,pos,VRF
= 0.55
EAC,pos,VRFB

(B.13)

The ratio of these two parameters results in a factor from which the
(smaller) amount of required correction energy for the application of the
reactive power control of the LiB can be approximated:

0.22
· Ecorr,pos,Q(V ),VRFB
(B.14)
0.55
The frequency data applied in [246] and in this thesis are for the same year
and should thus be (almost) identical. The sold corrective energy is zero in
for the VRFB analysed for the given frequency data, which is simliar to the
amount of sold corrective energy in [246]. Thus, the sold corrective energy
is neglected for both technologies.
Ecorr,pos,Q(V ),LiB =
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B.9 Generation and Load Proles
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Figure B.10: Normalised PV power generation prole for one year in minutes
(measured).
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B.9 Generation and Load Proles

Normalised profile [-]
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Figure B.11: Normalised hydro power generation prole for one year in minutes, based on [122].
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Figure B.12: Standard load prole H0 (SLP) [120]. (a) Whole year. (b)
Exemplary Day.
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Figure B.13: Commercial load prole (G0) [120]. (a) Whole year. (b) 7 days
example.
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Figure B.14: Agricultural load prole (L0) [120]. (a) Whole year. (b) Exemplary day.
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Figure B.15: Day active prole (DA) [121]. (a) Whole year. (b) Exemplary
Day.
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Figure B.16: Night active prole (NA) [121]. (a) Whole year. (b) Exemplary
Day.
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Figure B.17: Heat pump prole (HP) [121]. (a) Whole year. (b) Exemplary
Day.
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Figure B.18: Air conditioning prole (AC) [121]. (a) Whole year. (b) Exemplary Day.
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