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Zusammenfassung

Der stetig steigende Strombedarf und die anstehende Integration von Lademöglichkeiten für Elek-
trofahrzeuge stellen vor allem städtische Stromnetze vor neue Herausforderungen. Als Beispiel kann
hier die Überlastung einzelner Stromkabel genannt werden. Bei kontinuierlich sinkenden Kosten für
Lithium-Ionen-Batterien stellen Speichersysteme eine Alternative zum konventionellen Netzausbau dar.
Diese Arbeit schlägt verschiedene Energiemanagementstrategien für Batteriespeichersysteme vor, um
Verbesserungen innerhalb eines Verteilnetzes zu erreichen. Ziel ist es, die Spitzenleistung am Kopp-
lungspunkt zum Hochspannungsnetz durch Anpassung der Steuerung von autarken sowie gekoppelten
Batteriespeichersystemen zu reduzieren. Im Rahmen dieser Arbeit wurden Open-Source Simulations-
tools entwickelt und adaptiert, welche zur realitätsnahen Simulation von Energiespeichern mit verschie-
denen Betriebsmodi in Verteilnetzen verwendet werden. Abschließend wird eine wirtschaftliche Analyse
durchgeführt, um Speichersysteme als Alternative zur konventionellen Netzverstärkung ökonomisch zu
bewerten. Die Ergebnisse der Arbeit zeigen, dass Batteriespeichersysteme bereits heute eine techni-
sche Alternative und in Zukunft verstärkt auch eine wirtschaftliche Alternative zum konventionellen
Netzausbau sein können.

Abstract

The growing global electricity demand and the upcoming integration of charging options for electric
vehicles are creating challenges for urban power grids, such as line overloading. With continuously
falling costs for lithium-ion batteries, storage systems represent an alternative to conventional grid
reinforcement. This thesis proposes various energy management strategies for battery energy storage
systems to achieve an improvement in a distribution grid. The objective is to reduce the peak power
at the point of common coupling by adapting the control of stand-alone as well as coupled battery
energy storage systems located at various nodes in the distribution grid. Open-source simulation tools,
which enable a realistic simulation of the effects of storage systems in different operating modes on the
distribution grid, have been developed and adapted as part of this work. Consequently, an economic
analysis is conducted to evaluate storage systems as an alternative to conventional grid reinforcement.
Results show that battery energy storage systems can already be a technical and, in some cases, also
an economic alternative to conventional grid reinforcement.
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1 Introduction and motivation

Renewable energy sources and electric vehicles (EVs) are seen as future key drivers for the substantial
decrease in carbon emissions in both the transportation and power generation sectors [11]. However,
this transformation poses new challenges to the power grid and in particular to the alternating current
(AC) distribution grid [12]. On the one hand, in rural areas the increased share of renewable energy
sources, such as photovoltaic generation units or wind energy and the resulting over-voltage are the
main cause of grid reinforcement [13]. On the other hand, in urban distribution grids it is forecasted
that over-loading caused by an increasing number of charging possibilities will be the main driver for
grid reinforcement [14].

A report of the European Federation for Transport and Environment predicted that the number of
public chargers in the EU will increase from 185 000 in 2020 to 1.3 million in 2025 and 2.9 million in
2030 [14]. This is motivated by the increasing prioritization of shared cars or electric taxis in these
urban areas. They recommend introducing charging parks at easily accessible locations, with dedicated
parking spots for electric taxis and shared EVs, notably in cities. It is estimated that the number of
direct current (DC) fast charging stations in Germany will quadruple from about 2000 in 2018 to
about 8000 in 2030 [15]. Both studies as well as additional published papers [16, 17] identified that
the existing distribution grid infrastructure is not capable to include the additional power of these
charging stations.

In the past, research mainly focused on over-voltage issues in distribution grids caused by the upcoming
integration of renewable energy sources. This thesis focuses more on the difficulties that arise in the
distribution grid due to increased energy demand. Nevertheless, research has already been conducted
in both areas. The most important aspects for the scope of this thesis are discussed in detail in
the following sections. The main research questions and the novelties of this work are explained in
Section 1.2.

1.1 Literature review

With the shift towards more generation of electricity from renewable energy sources, the requirements
for the energy supply grid have also changed [18, 19]. Examples for technical issues related to a high
local wind or photovoltaic integration are local over-voltages and equipment over-loading [20]. Sinsel
et al. summarized possible solutions for these challenges in their review [21]. Examples to solve these
issues include grid reinforcement, energy storage system integration or distributed demand response.
In the following paragraphs, the focus will lie in the integration and simulation of battery energy
storage systems (BESSs) in distribution grids.

In the work of Müller et al., a BESS was installed in an exemplary low voltage (LV) grid [22, 23]. They
observed major voltage limit violations if no BESS is installed. With an installed BESS and additional
connection of two lines to a ring line, significant improvements in voltage can be seen. They concluded
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1 Introduction and motivation

that the positive effect of distributed storage systems is comparable to central storage units connected
to the higher grid level. And in addition to the transformer relief, a significant reduction in grid losses
can be achieved with increasing BESS distribution radius. However, the work deals with increasing
photovoltaic penetration in rural distribution grid and not with an increasing EV-share in urban areas
and the associated problems.

One further approach to face the difficulties with over-voltage was suggested in the work of Resch [24].
In the PhD thesis as well as an additional published paper, the author and his co-authors tried to find
and combine profitable business cases with reactive power control for large scale BESS in distribution
grids [13]. Another focus is the techno-economic comparison of these profitable grid supportive business
cases supported by a field test with a redox-flow battery. It is concluded that a traditional planning
method in distribution grids with a high share of renewable energy sources will lead to over-capacity
in the grid. Including energy storage system is an alternative approach, but detailed simulations are
necessary.

To face the challenges of possible future over-loading in an existing grid infrastructure, various ap-
proaches exist in the literature. Conventional grid reinforcement or transformer upgrading, as inves-
tigated by Brinkel et al., is one possible solution for covering the increasing demand or for enabling
the integration of more EVs in the future [25]. However, with falling costs of lithium-ion batteries
(LIBs), stationary BESSs are becoming increasingly attractive as an alternative method to reduce
peak loads [26, 27].

Additionally, several vehicle-to-grid approaches exist aiming to reduce the peak power in distribution
grids. A detailed overview of the concept and possible services is presented in the publications of both
Kempton et al. [28] and Tan et al. [29]. However, various social dimensions, such as the behavior
and acceptance of EV users, are often neglected in these approaches. Another disadvantage is the
impact on vehicle battery lifetime due to a higher stress to the LIB, caused by these vehicle-to-grid
applications [30, 31].

Besides bidirectional charging approaches, a number of researchers, such as Hanemann et al. [32, 33] are
examining the effect of using various smart charging strategies on the distribution grid. It is concluded
that the curtailment of renewable energy sources can be reduced by smart charging strategies, but
they focus on the effects on spot markets and CO2 prices rather than on over-loading issues in the
urban distribution grid. The studies by Mehta et al. deal with a grid optimal placement of EV
charging stations [34, 35]. They focus on achieving both economic benefits in terms of daily costs for
the EV users and technical benefits in terms of peak load reduction and optimized active and reactive
power flows. As with the bidirectional charging strategies, however, it must also be assumed here that
EV users will provide their EVs for those smart charging strategies and therefore may expect longer
charging time.

An approach more related to storage systems for reducing grid peak load was introduced in the work
of Danish et al. [36]. Aiming to find the optimal size, location, and control strategy for a BESS in
a distribution grid an optimization method was applied. The work was conducted using commercial
software and is based on a 20 kV distribution grid with 22 nodes in Kabul. It is shown that the power
losses in the grid can be reduced up to 20.62%. The authors conclude that an optimally placed BESS
with a peak shaving operation strategy can significantly improve the system performance, but the
storage system was only implemented as a black box model and the potential losses of the BESS were
not included.
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1.2 Scope of this work

The work of Wilkening shows a stimulative approach for a techno-economic evaluation of grid related
BESSs [37]. The focus was on black-start capability of decentralized BESSs and on providing system
related services, such as frequency containment reserve (FCR). The techno-economic simulation was
conducted using MATLAB® and it is concluded that BESS is often not profitable for a single grid
related service. However, in this work the focus was not on a detailed co-simulation of distribution
grids and BESSs. Furthermore, it was not investigated how storage system can be used to avoid grid
reinforcement.

Another work of techno-economic analysis is shown in the PhD thesis of Naumann [38]. The objective
of the work was on the examination of aging mechanisms and the development of an aging model for a
LIB. The simulation of two stand-alone application (providing FCR and residential self-consumption
increase) for stationary BESSs was conducted using MATLAB®. It is concluded that if the battery
aging is neglected, the total return would be about 21.3% with the investigated LIB in the application
of residential self-consummation increase. Besides the detailed cell model, additional components,
such as power electronic models, were included in the simulations of the storage systems. Hence, the
simulation of BESS was very detailed, but the effects on the distribution grid were neglected and thus
not discussed.

One more grid related approach analyzing storage systems in detail was done by the work of Zeh [39]. In
the PhD thesis as well as an additional published paper, the author and his co-authors showed various
operation strategies for BESS for common applications and discussed the effects on the distribution
grid [40, 41]. The focus was again on storage systems proving FCR and residential BESSs to increase
the self-consumption. Simulations indicated that storage systems’ positive effect related to the stress
on various grid equipment can be achieved in the medium voltage (MV) grid. However, the focus
in this work was more on distribution grid with a high share of renewable energy sources than on
over-loading issues caused by a high share of EV charging stations.

Summarizing the literature, there seems to be a consensus that a high EV-share requires an increased
number of charging parks and this will require adaptations or new solutions in the power grid, especially
in urban distribution grid. While in the past the focus was on dealing with over-voltage issues in rural
areas, the focus in this thesis is on over-loading issues caused by the mentioned higher EV-share. None
of the authors mentioned above have conducted a detailed co-simulation of BESSs and distribution
grids.

The possibility of using stand-alone or coupled BESSs to reduce the peak power at the point of common
coupling (PCC) in existing distribution grids has not yet been adequately investigated. This would
consequently avoid or decelerate grid reinforcement requirements caused by over-loading. Furthermore,
no detailed comparison of grid reinforcement costs and storage system costs currently exists in the
literature.

1.2 Scope of this work

Different research questions are crucial for the formation of this thesis. Based on these research
questions, novel approaches are developed and the answers to these questions are shown in the various
chapters. After describing the basics of stationary BESSs for the grid in Chapter 2, Chapter 3 focuses
on modeling various components of an BESS for an accurate simulation of different use-cases. Defining
reference profiles and identifying essential applications for grid integration is the aim of Chapter 4.

3



1 Introduction and motivation

Chapter 5 focuses on how stationary BESSs with established use-cases can be considered in grid
planning and which adaptions are necessary. Is a multi-storage approach suitable for grid planning?
And how should the battery control be coordinated? These are the two main research questions of
Chapter 6. Chapter 7 summarizes this thesis with the question: Are BESSs an economical alternative
to conventional grid reinforcement? Table 1.1 sums up the main research questions of this thesis and
their affiliation to the topics BESSs and grid reinforcement.

Table 1.1: Main research questions of this thesis and their affiliation to the two core topics as well as
the individual chapters.

Research question Scope Affiliation

What are the requirements for modeling the vari-
ous components for an accurate simulation of sta-
tionary energy storage systems?

BESS Chapter 3

Which applications are essential for storage sys-
tems for grid integration? And which pattern do
reference profiles have for these applications?

BESS Chapter 4

Can existing stationary BESSs reduce the need for
grid reinforcement through central coordination? BESS & grid reinforcement Chapter 5

Is a multi-storage approach suitable for grid plan-
ning? And how should the battery control be co-
ordinated?

BESS & grid reinforcement Chapter 6

Are BESSs an economical alternative to conven-
tional grid reinforcement? BESS & grid reinforcement Chapter 7

1.3 Thesis outline

The remainder of this thesis is described in this section. The fundamentals of BESSs, distribution
grids and the simulation of those are described in Chapter 2. Common applications for BESSs are
discussed and conventional distribution grid reinforcement is described. Based on this state-of-the-art
description, the novelty and the methods of this thesis are also discussed there.

Chapter 3 (SimSES: A holistic simulation framework for modeling and analyzing stationary energy
storage systems) describes the open-source simulation tool for stationary energy storage systems Sim-
SES. Here, the modeling of the individual components of a BESS is discussed in detail and the basic
functionalities are demonstrated using two use-cases. The functionality and some key technical per-
formance indicators for simulation of stationary energy storage systems (SimSES) are used to analyze
various stand-alone operation strategies in detail in Chapter 4 (Standard battery energy storage system
profiles: Analysis of various applications for stationary energy storage systems using a holistic simu-
lation framework). The peak shaving algorithm in particular can be seen as a basis for the following
work of this thesis.

Chapter 5 (Peak Shaving with Battery Energy Storage Systems in Distribution Grids: A Novel Approach
to Reduce Local and Global Peak Loads) and Chapter 6 (Reducing grid peak load through the coordinated
control of battery energy storage systems located at electric vehicle charging parks) form the core of this
work. A method to reduce the peak power at a specific node as well as at the transformer or PCC in
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1.3 Thesis outline

distribution grids using stand-alone BESSs is presented in Chapter 5. An enhancement is described
in Chapter 6, by coupling and coordinating the energy management system (EMS) of several storage
units.

To complete the story of this PhD thesis an economic analysis is conducted in Chapter 7 (Battery
Energy Storage Systems as an Alternative to Conventional Grid Reinforcement). Present as well as
predicted costs for BESSs are compared with the costs for cable replacement in the MV-grid to evaluate
the possibility of storage operation for grid operators. Finally, Chapter 8 concludes the thesis with an
outlook of possible future research tasks. The outline of this thesis including all chapter captions is
shown schematically in Figure 1.1

Simulation of stationary lithium-ion battery energy storage systems 
in urban distribution grids

1 - Introduction and motivation

2 - Stationary lithium-ion battery 

energy storage systems for the grid

3 - SimSES: A holistic simulation 

framework for modeling and 

analyzing stationary energy storage 

systems

4 - Standard battery energy storage 

system profiles: Analysis of various 

applications for stationary energy 

storage systems using a holistic 

simulation framework

6 - Reducing grid peak load 

through the coordinated control of 

battery energy storage systems 

located at electric vehicle charging 

parks

8 - Conclusion and outlook

5 - Peak shaving with battery 

energy storage systems in 

distribution grids: A novel 

approach to reduce local and global 

peak loads

7 - Battery energy storage systems 

as an alternative to conventional 

grid reinforcement

Figure 1.1: Schematic representation of the remainder of this thesis. The individual chapter headings
are indicated in the boxes.
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2 Stationary lithium-ion battery energy storage systems
for the grid

A physical description of a stationary storage system and the distribution grid is essential for an
understanding of the simulation models used in this thesis. This chapter forms the basis for the
methods and developed EMSs of this PhD Thesis.

First, in Section 2.1, the fundamentals of stationary BESSs based on LIBs are described. Beside the
basic composition of a BESS including the most relevant components, the functionality of LIBs is
shown. However, the focus is on modeling of stationary BESSs. The models described there form
the basis for the simulation tool SimSES, which is developed, used, and adapted in the individual
publications.

Section 2.2 describes the most common use-cases for BESSs. The focus is on the state-of-the-art peak
shaving strategy aiming to reduce the peak load of individual consumers. This strategy is used as a
reference to compare the novel EMSs developed in this work. Furthermore, in this section the evaluation
of storage systems regarding to the different applications are described with key characteristics. The
six key characteristics are used and discussed in the further progress of this thesis to evaluate the stress
on the BESSs operated with the developed EMSs.

Finally, Section 2.3 deals with the fundamentals of distribution grids. In this section mainly the
simulation and the modeling used for this work is described and the basics of the software eDisGo,
which is used for the power-flow analysis are shown. In addition, the current approach of grid operators
for conventional grid reinforcement is discussed.
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2 Stationary lithium-ion battery energy storage systems for the grid

2.1 Fundamentals of stationary battery energy storage systems

Figure 2.1 shows a schematic overview of a LIB based stationary storage system including the connec-
tion to the electric grid. The major components of a BESS are typically the battery itself including a
battery management system (BMS), a power electronics part as well as an EMS control. The power
electronics part or AC/DC link may consist of single or multiple inverter units, depending on the
application and storage size. Depending on the grid connection a transformer coupling element is
necessary for integration to higher grid voltage levels. [42]
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Power electronics

unit

Grid

Battery thermal 

management

System thermal 

management

Lithium-ion battery (LIB)

Stationary lithium-ion battery energy storage systems
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Power electronics 

control & monitoring

Power electronics 

thermal management

Battery

management system 

(BMS)

System 

control & monitoring

(EMS)

Grid connection

Power electronics

System Operation 

Figure 2.1: Schematic drawing of a stationary lithium-ion battery energy storage system including the
grid connection. The figure is based on [7].

While the description of the LIB technology is shown in detail in the next subsection, here the battery
pack is the starting point. Interconnection of individual LIB cells to battery modules and packs is
a necessary step for developing stationary BESSs. On the one side a serial connection of cells sums
up the voltage of the individual LIBs to the desired module or pack voltage and on the other side
parallel connection of cells increases the usable capacity [43]. The BMS, linked to the system operation
components, plays an important role in monitoring, calculating, reporting and controlling the states
of LIBs, such as: voltage, temperature, cooling or heating demand, and current [44].

In addition, the LIB technology, the power electronics components are crucial in terms of system
efficiency [45]. The power electronics unit may contribute significantly to the overall system efficiency,
depending on topology and application [42]. Common topologies for power electronics units are the
dedicated installation to each battery pack or the battery packs are connected in parallel to a common
DC-bus [46]. If the BESS is connected to a higher grid level (i.e. MV-grid), a transformer unit is
essential. Usually the transformer is a single-unit three phase transformer or consist of three separate
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2.1 Fundamentals of stationary battery energy storage systems

single-phase transformers [47].

The system operation components are required for reliable operation of the overall BESS. The EMS
contains the hardware as well as the software to control the power flow and enable execution of
operational strategies [48]. A supervisory control and data acquisition (SCADA) system is needed to
monitor all system relevant states, to have centralized access, and to control the operation scheduling
of the EMS [49]. Finally, the system thermal management controls all functions related to the heating,
ventilation, and air conditioning of the BESS. The system thermal management is usually linked to
the thermal management of the LIBs and the thermal management of the power electronics [50].

Appropriate sizing of the storage system components including the batteries capacity and nominal
power of the power electronics part is an important criterion for system optimization, as for a maxi-
mizing the stakeholders’ revenue not only attainable profits but also the investment costs and potential
replacement costs have to be taken into account [51]. For this purpose, the method of linear optimiza-
tion is often used in the literature [52, 53]. The relevant basics, which are necessary for this thesis, of
this method will be described in Section 2.2.

2.1.1 Lithium-ion battery technology

The LIB cell forms the core of a BESS and is essential for an understanding of the electrical and
thermal characteristics of an entire system [7]. In brief a LIB cell consists of two composite electrodes
including current collectors and a separator in-between [54]. The battery cells are filled with an
electrolyte, which typically contains an organic solvent, a conducting salt, as well as additives. [55].
Typical materials used for the negative electrode (anode) are carbon/graphite (C), lithium titanate
oxide-based or silicon-based materials [56]. The positive electrode (cathode) typically consists of oxides
such as lithium cobalt oxide, lithium nickel cobalt manganese oxide, lithium nickel cobalt aluminum
oxide or other materials such as lithium-iron-phosphate (LFP) [57].

State-of-art lithium-ion cells exist in various cell formats, being prismatic, cylindrical, and pouch
format [58]. During the charging process under an applied voltage, deintercalation of some lithium-
ions from the cathode into electrolyte occurs and simultaneously an intercalation of an equivalent
number of lithium-ions from the electrolyte into the anode, while the charge compensation takes place
through the external circuit. During a discharge process, the reverse reaction occurs [54].

While discussing about LIBs degradation must be considered. These various cell-internal side reactions
can have significant impact on the economics of an BESS project [7]. During lifetime and operation
of a BESS, aging may result in significant changes of capacity and resistance and therefore it should
be taken into account in system design as well as operation strategies [38]. The various aging effects
are mainly caused by external environmental factors such as temperature and internal factors such
as the generation of a solid electrolyte interface layer [59]. All these degradation effects and the link
to various material compositions are discussed in detail in numerous papers and books such as the
publications of Barré et al. [60], Wang et al. [61], Smith et al. [62], and Vetter et al. [63].

2.1.2 Modeling of stationary battery energy storage systems

In-depth models of the components of a BESS allow the simulation of energy storage systems. Each
of these components require specific implementations regarding their physics and behavior. The focus
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2 Stationary lithium-ion battery energy storage systems for the grid

in the following is on modeling the LIB as well as the power electronics unit in SimSES. Thermal
models are neglected in this dissertation, while the temperature is set to a constant of 25°C. And
the various EMSs will be explained in Section 2.2. Figure 2.2 shows all in-depth models with the
structure mainly used in this thesis for a stationary BESS including four main components: A AC/DC
converter, a BMS, a LIB modeled as an equivalent circuit model, and an aging model with a coupled
cycle detector.
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Figure 2.2: Overview of all in-depth models used in this thesis for a stationary lithium-ion battery
energy storage system. The figure is based on [9].

Models of power electronics units are represented by power and voltage-dependent efficiency curves.
In brief, the efficiency ηPE of a power electronics module is represented by a given storage power
(P charge or P discharge) and the rated power (P rated) of the power electronics component as shown in
Equation (2.1) for a charging event. Equation (2.2) shows the model mainly used in this dissertation,
which is based on the work of Notton et al. [64]. In this thesis the following exemplary values are used:
For the load dependent part k=0.0345 and for the load independent part p0 =0.0072. This model of
an AC/DC converter achieves a high efficiency above 10% of the rated power P rated. The efficiency
ηPE is independent of the direction of the power flow and there is no hysteresis. Maximum efficiency is
attained at 0.46· P rated with an efficiency of ηPE = 96.9%. Fixed efficiency values, linearized models
or other functions, for example based on datasheets or own measurements, can be modeled in SimSES
as well.

ηPE = f
(
Pcharge,Prated) (2.1)
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2.1 Fundamentals of stationary battery energy storage systems

ηPE =
P charge,b

t

P rated

P charge,b
t

P rated + p0 + k ·
(

P charge,b
t

P rated

)2 (2.2)

The BMS is linked to the LIB model and is responsible for monitoring critical cell parameters. The
BMS is modeled as a control unit to avoid that cell specific parameters, such as state of energy (SOE),
voltage, current, and temperature, are beyond permissible ranges. According to these parameters, the
BMS checks the input parameters and if limit violations occur, the current is restricted and returned
to the LIB model. The other parameters are recalculated accordingly.

In the simulation tools used in this thesis, the LIB is represented as an equivalent circuit model
including an open circuit voltage (OCV) and an internal resistance Ri, due to an acceptable modeling
accuracy with ease of parametrization [65, 66]. However, with an improved understanding of the
cell-internal behavior, an increasing number of non-empirical physicochemical models have gained
increasing interest in cell modeling [67–69]. These physicochemical models are giving a more detailed
insight to cell internal states and loss mechanisms. But it remains challenging to find a valid parameter
set for these cells of such models and to scale these models to the level of a full BESS with an acceptable
computing time [70, 71].

In the used equivalent circuit model, the OCV is only dependent on the SOE but in future implemen-
tations in SimSES, the OCVs could be extended with further parameters like temperature or state of
health. To improve performance, the interpolation of the OCV data was replaced by a fitted math-
ematical function. The internal resistance Ri takes the cell temperature, current, and the SOE into
consideration. The required data is based on literature models and stored as look-up tables in Sim-
SES and in between the available data points are linearized. Equation (2.3) shows the mathematical
description of a LIB used in this thesis.

UT = UOCV −∆U = UOCV (SOC)− I · Ri (SOC, I,TLIB) (2.3)

As the current and the terminal voltage UT are interdependent, differential equations are necessary
for calculating these values in the discrete time domain as seen in Equation (2.3). To enhance the
performance of the simulations the differential equations are replaced by an iteration loop. Using
numerical approximation, the current and terminal voltage UT are iteratively derived and the loop
terminates after a predefined maximum number of iterations or as soon as the change of these values
falls below a preset limit. As the battery values have to be checked in every iteration, this loop interacts
between the equivalent circuit model and the BMS.

The main LIB used in this thesis is a LFP:C cell [72]. This type of cell is particularly suitable for
stationary applications due to its higher cycle durability [38, 73]. The single cell capacity is 2850mAh,
the nominal cell voltage is 3.2V, and the OCV is in the range of 2.0 - 3.6V. The maximum erate

according to the datasheet is 6.6 1
h in discharging direction and 1.0 1

h in charging direction. The
internal resistance Ri of a new cell is 44.8mΩ for a SOE of 50%, a temperature of 25°C, and a
charging event.

The modeling of aging characteristics of LIBs plays a crucial role in the simulative evaluation of
BESSs, as degradation can have significant impact on the economics of a BESS project [74, 75].
In this dissertation the degradation is modeled following a semi-empirical superposition approach of
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2 Stationary lithium-ion battery energy storage systems for the grid

cyclic and calendar aging based on investigations by Naumann et al. for the used cell type as shown in
Equation (2.4) and Equation (2.5) [10, 73]. In SimSES additional degradation models are implemented,
such as two models for a LIB with a C anode and a lithium nickel cobalt manganese oxide cathode
based on the work of Schmalstieg et al. [76] and Schuster et al.[77].

Ctotal
loss = Ccal

loss + Ccyc
loss (2.4)

Rtotal
inc = Rcal

inc + Rcyc
inc (2.5)

According to the used aging model, calendar aging is computed once every simulation step and takes
the following cell parameters into account for both, the capacity loss (Ccal

loss) as well as the resistance
increase (Rcal

inc): the actual time t, the SOE, and the cell temperature. The capacity loss and resistance
increase regarding the cyclic aging is only calculated following the detection of a half cycle by the cycle
detector.

A half cycle is detected if the SOE is at predefined limits for the maximum (SOEmax) or minimum
(SOEmin) energy content or if there is a change from charging to discharging or discharging to charging
respectively. The usage of such a cycle detector decreases the calculation time and allows determining
required states for the cyclic aging model. Required parameters for both, the capacity loss (Ccyc

loss) as
well as the resistance increase (Rcyc

inc ) are the total number of full equivalent cycles (FECs), the erate as
well as the depth of cycle (DOC) for this event. The total number of FECs is calculated by summing
up the detected half cycles. For example, two half cycles from 0% to 100% SOE or 100% to 0% SOE
result in one FEC.
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2.2 Grid-connected battery energy storage system

2.2 Grid-connected battery energy storage system

It is essential for the description of the developed EMSs in this dissertation, to discuss state-of-the-art
applications for LIB based stationary storage systems. This section describes a selection of distribution
grid applications for BESSs with a focus on the peak shaving strategy. As mentioned earlier, this
strategy is used as a reference to compare the novel EMSs developed in this work. Similar to the
modeling approach of all relevant storage components as shown in Section 2.1, this section shows the
method of conducting the simulations of various use-cases. Finally, the technical key characteristics
used for the evaluation of BESSs are described herein.

2.2.1 Distribution grid level applications of stationary battery energy storage
systems

In Figure 2.3 an overview of common distribution grid level applications for stationary BESSs is given.
The focus herein is on BESSs, based on the LIB technology. Additional applications and grid level
affiliation of non-LIB based storage technologies, such as redox flow batteries or compressed air energy
storage systems, are described in various other publications [78–80]. It should be taken into account,
that this figure is only a schematic representation and the affiliation to the LV grid or MV grid is not
fixed.
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Figure 2.3: Overview of common applications for stationary battery energy storage systems based on
lithium-ion batteries in medium voltage (MV) grids as well as low voltage (LV) grids. The
figure is based on [7].
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2 Stationary lithium-ion battery energy storage systems for the grid

As the focus in this thesis is on LIB based storage systems, the applications are classified to three
categories: Ancillary service, behind-the-meter, and investment deferral or local grid support. It
should be considered that this classification is suitable for analysis of all BESS applications relevant for
this dissertation and may not match well for other types of storage systems or types of applications.
Energy trading to use alternating price signals at the energy spot markets is an example, which is
gaining increasing interest for BESSs [81–83]. However, this kind of application focuses on maximizing
the revenue of a BESS project, while in the following also technical benefits are discussed.

In the application family of ancillary services, the use cases are mainly located at a MV level. One
application task for BESSs in this classification is linked to generation units. The black start capability
of a generation unit describes the characteristics to restart the generation of electricity without the
support of an external power [84, 85]. In case of supply failure, such as technical defects or cyber
attacks, parts, or the entire generation unit may collapse [86]. A LIB based BESS is well-suited for
this application, due to its high nominal power and high availability [87].

This AC grid in Germany is part of the European Network of Transmission System Operators for
Electricity (ENTSO-E) and is characterized by a nominal frequency of 50Hz [88]. Due to constantly
fluctuating generation and power demand, the grid frequency alternates around these 50Hz. A drop
in frequency indicates that the current generation is below the power demand. To keep the balance
between consumption and feed-in and consequently achieving a frequency of 50Hz again, different
market systems with different time horizons exist [89]. BESSs are most suitable for providing FCR, as
this is currently the first product, and it must be activated at full power within 30 seconds [90, 91].

In-depth, providing FCR with a BESS underlies an established market according to a regulatory
framework overseen by the transmission system operators [92, 93]. As FCR is a symmetric product,
a BESS must provide its prequalified power (≥ 1MW) in both directions. Additionally, an energy
reserve at the lower and at the upper end of its SOE is necessary. To fulfil these requirements for
FCR provision, energy is sold or bought at the spot market to keep the SOE in the valid range.[94].
While the focus in this thesis is on stand-alone storage systems, there are approaches to use aggregated
BESSs [95, 96] or EVs [97, 98] to achieve the minimum required power of 1MW. The implementation
of the EMS in SimSES will be explained in the following subsection.

In contrast to ancillary services, BESS can also serve various applications within the behind-the-meter
classification. The combination of a local generation, such as photovoltaic units, with a BESS for
residential households is gaining a high level of interest in the last few years [99, 100]. In brief,
whenever a solar surplus occurs, the BESS is charged and vice versa. The end user expects with this
use-case to increase its self-consumption and to save energy costs [101]. LIB based storage systems
are well-suited for this application due to acceptable lifetime, a high level of safety, and high energy
as well as high power densities [102, 103].

Adapting this simple (greedy) control strategy for these BESSs to reduce the maximum power fed into
the grid may allow achieving additional grid reliving effects [104]. As these kind of storage systems
are mainly located at the LV grid, this strategy may prevent over-voltage issues but is not suitable
for avoiding over-loading problems caused by a high share of EVs [40]. However, various techno-
economic calculations showed that self-consumption increase via BESS integration is in most cases
not an economically viable option at present, when taking into account LIB storage investment and
degradation costs [105, 106]. Such a storage system could only be an economical option for regions
with low feed-in tariffs for photovoltaic systems and high costs for energy consumed [107].
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2.2 Grid-connected battery energy storage system

In contrast, to the residential consumers, the tariff system for industrial consumers (annual energy
consumption ≥ 100MWh) consists of costs for the consumed energy and a demand charge for the
highest peak power of an industrial consumer [108]. The aim for a BESS with a state-of-the-art peak
shaving strategy is to minimize power peak value within a defined billing period [109, 110]. With
continuously falling costs for LIBs, it is expected that the market for peak shaving storage system will
grow dramatically in the next years [111].

In brief, the peak shaving algorithm operates with a comparison of the consumer power and a predefined
peak shaving threshold [36, 112]. If the demand is above the threshold, the BESS starts to discharge
until the consumer power falls below the threshold again [27]. The expected benefit for the grid
operator of this tariff scheme is to avoid cable overloading and lower peak loads on the transformer,
which consequently would avoid cost intensive grid reinforcement [113]. Using the state-of-the-art peak
shaving algorithm, the BESS is recharged as soon as the demand is below the threshold [114]. However,
this operation strategy is independent of the power at the PCC and therefore it is not reliable in order
to reduce the peak power in the associated distribution grid.

In the application family of grid supportive storage systems, BESSs may act as support unit for reactive
power control or in local voltage regulation processes [115]. Due to increasing integration of renewable
energy sources, reactive power management has become a major planning and operation issue in
modern distribution grids [116]. As the voltage at PCC might increase beyond the maximum limit in
certain time periods, reactive power control is necessary to keep the grid stable [117, 118]. Integration
and appropriate control of BESS for voltage support can help to reduce such voltage fluctuations via
coordinated active and reactive power [11, 23]. However, there is currently no standardized market
that financially compensates the storage stakeholders [13].

As the reactive power control is mainly a task for storage systems in rural areas, grid supportive
BESSs in urban areas are used for active power control [119]. This is due to the fact, that over-loading
caused by an increasing number of charging possibilities will be a main issue in the future [14]. As an
alternative to grid infrastructure updates, it is proposed that EV charging stations should be supported
via BESS serving as power boost [120]. LIBs are seen as a well-suited solution due to their high power
density and slow degradation compared to other types of batteries [121, 122]. Summarizing this grid
supportive use-case for BESS, it can be derived, that co-simulation of BESSs and distribution grids
are necessary to investigate the effects on the distribution grid of such storage systems in detail.

2.2.2 Simulation of battery energy storage systems and evaluation metrics

Independent of the application of the choice, technical and economical parameters, such as efficiency
or return on investment, for BESSs are crucial to the success of a storage project [123]. To address
this challenge, holistic simulation tools are essential before investing in energy storage systems [124].
SimSES is developed, adapted, and used in this thesis to predict internal states of a storage system
such as the SOE or the storage internal losses. Based on the modeling of the components of a BESS
shown in Section 2.1, the methodology for developing a EMS is discussed in the following paragraphs.
In particular, the state-of-the-art EMS for a BESS with a peak shaving strategy, including the storage
sizing, is shown. This strategy is the reference for the novel developed EMSs in Chapter 5 and Chap-
ter 6. In order to gain a deeper understanding of development EMSs, the strategies for providing FCR
and self-consumption increase are briefly presented. To analyze various EMS, six key characteristics
are derived and described in detail at the end of this subsection.
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2 Stationary lithium-ion battery energy storage systems for the grid

In this dissertation, a pre-processing linear optimization algorithm is used to find a valid peak shaving
threshold PSthreshold within a defined time horizon T for a load profile of an industrial consumer at
a specific node b in the grid. The load profile Sb

t for each time step t is described as a vector Sb as
shown in Equation 2.6. As the focus in this dissertation, is on detailed co-simulations of BESSs and
distribution grids, perfect foresight is assumed for the load profile of an industrial consumer. However,
in the field of uncertainties in forecasting load profiles, various approaches exist [125, 126].

Sb =
[
Sb

1 , · · · ,Sb
t , · · · ,Sb

T
]

(2.6)

To find a valid peak shaving threshold PSthreshold through a linear programming optimization tool
for energy storage systems (lp_opt) is used. After defining the problem mathematically, including an
objective function and constraints, the algorithm is usually able to find the solution relatively fast and
therefore well-suited this BESS related problem [8]. The objective is to minimize the peak load at the
industrial consumers connection point to the distribution grid for the time horizon T. Therefore, the
objective function for a fixed storage capacity Enominal is defined in Equation 2.7.

minimize :
{

PSthreshold} (2.7)

If the capacity of a BESS (Enominal) is also to be determined, a cost function must be taken into account.
This enhanced objective function (cf. Equation 2.8) allows finding a profit optimal compromise between
electricity costs as well as BESS investment costs (pinvest

BESS). In this equation tproj indicates the project
operation/depreciation period.

minimize :
{

PSthreshold · ppeak · tproj + Enominal · pinvest
BESS

}
(2.8)

In addition, the BESS is also subject to a number of boundary conditions, independent of the opti-
mization function chosen. First of all, the SOE must remain within the given bounds SOEmin and
SOEmax. Equation 2.9 shows this constraint, while the actual energy content for a specific time step t
of a BESS is denoted as Eactual

t .

SOEmin · Enominal ≤ Eactual
t ≤ SOEmax · Enominal (2.9)

The charging power (P charge) as well as the discharging power (P discharge) has to be lower than the
respective maximum energy rate (erate) of the BESS (cf. Equation 2.10 and Equation 2.11). As the
erate can be different depending on the power flow direction, the maximum erate is denoted as echarge

rate

and in discharging direction as edischarge
rate . The charging and discharging powers are also limited by

the rated power P rated of the power electronics as shown in Equation 2.12 and Equation 2.13. These
constraints must be sufficient for each time step t.

P charge
t ≤ echarge

rate · Enominal ∀ t (2.10)

P discharge
t ≤ edischarge

rate · Enominal ∀ t (2.11)
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P charge
t ≤ P rated ∀ t (2.12)

P discharge
t ≤ P rated ∀ t (2.13)

Finally, the energy conservation of a BESS is defined in Equation 2.14 and again this constraint must
be sufficient for each time step t. The actual energy content Eactual

t of a BESS depends on the energy
content of the previous time step, the charged energy Echarge

t and the discharged energy Edischarge
t . An

estimated efficiency ηBESS of 90% is considered for both, Echarge
t and Edischarge

t .

Eactual
t = Eactual

t−1 + Echarge
t · ηBESS −

Edischarge
t

ηBESS
(2.14)

The resulting peak shaving threshold PSthreshold is used as an input parameter for the operation
strategy within SimSES. This operation strategy works as follows: as soon as the power Sb

t is above
the specified threshold, the additionally required power is provided by the BESS, as illustrated in
Figure 2.4. In this example a fixed storage capacity of 100 kWh was assumed. The peak shaving
threshold PSthreshold (dashed red line) was determined in accordance with Equation 2.7. Furthermore,
it can be seen that the BESS recharges as soon as the power Sb

t is below the peak shaving threshold
PSthreshold. This ensures that the charging of the storage system does not cause the exceedance of the
threshold. It must be noticed that this strategy only takes the local profile into consideration. To use
the BESS also to reduce the peak load at the PCC, the shown state-of-the-art peak shaving strategy
must be adapted.
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Figure 2.4: Exemplary load profile and the behavior of a battery energy storage system (BESS) op-
erating with a state-of-the-art peak shaving strategy. The power above the threshold is
provided by a stationary BESS and the associated state of energy is illustrated at the
subplot at the bottom. The figure is reproduced from [1].
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The EMS for providing FCR in SimSES was developed according to the German regulatory frame-
work [92, 93] and due to the legal interpretation at the time of developing this EMS (May 9, 2019) [127].
However, it can be easily adapted, in future releases of SimSES. A BESS providing FCR has to always
ensure that the full prequalified power PPQ can be provided for 15min as long as the frequency is in
normal progression. The requested charging P charge and discharging power P discharge is proportional
to the frequency deviation ∆f and is dependent on the prequalified power PPQ, which has a minimum
of 1MW. Below 49.8Hz or above 50.2Hz the storage power is set to ±PPQ. Equation 2.15 shows the
behavior of a storage system in this application.

P charge = PPQ · ∆f (t)
0.2 Hz for 0 Hz ≤ ∆f ≤ 0.2 Hz

P charge = PPQ for ∆f > +0.2 Hz

P discharge = −PPQ · ∆f (t)
0.2 Hz for 0 Hz ≥ ∆f ≥ −0.2 Hz

P discharge = −PPQ for ∆f < −0.2 Hz

(2.15)

If the SOE falls below a predefined lower limit or it exceeds an upper limit the BESS in these simu-
lations charges or discharges by trading energy on the electricity market, in particular the intra-day
market [41]. The SOE limits are depending on the prequalified power PPQ and the storage capacity
Enominal as shown in Equation 2.16 and Equation 2.17. To reach these limits as infrequently as possi-
ble, the efficiency must be considered and therefore the SOE set-point is above 50%. The efficiency is
depending on the system configuration and is estimated at the beginning of the simulation.

SOEmin = 0.25 h · PPQ

Enominal (2.16)

SOEmax = Enominal−0.25 h · PPQ

Enominal (2.17)

Additionally, to this SOE set-point shift, the regulatory framework in Germany allows different degrees
of freedoms (DOFs) [128]. In SimSES the following DOFs are only used, if this can delay market
participation in the intraday market.

• Frequency dead band: In the frequency range between 49.99Hz and 50.01Hz, the output
power of the BESS can be set to 0MW and must not follow the frequency derivation according
to Equation 2.15.

• Overfulfillment: In both cases, charging and discharging, it is allowed to exceed the requested
power as shown in Equation 2.15) by 20%.

Another DOF is slope of the requested FCR power. The charging power P charge or discharging power
P discharge as calculated in Equation 2.15 must be provided within 30 s or earlier. Therefore, the slope
of the provided FCR power can be adjusted within the time interval of 30 s allowing to control the
charging or discharging rate. However, this DOF is neglected in this thesis, as the response time of a
BESS is very fast [129, 130]. The market FCR was initially launched in 2007 and started with monthly
delivery periods, but this period has shortened steadily to weekly, daily, and to the currently applicable
4 hours [128].
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2.2 Grid-connected battery energy storage system

In this thesis two different operation strategies for the self-consumption increase of residential con-
sumers with a BESS are discussed: A greedy strategy and an extension of the deed-in damping EMS
based on Zeh and Witzmann [40]. The EMS for the greedy algorithm works with a simple comparison
between the generation of the photovoltaics unit PPV and the consumption by the household PLoad

at each timestep t. Whenever a solar surplus occurs, the BESS is charged and vice versa as shown
in Equation 2.18) and Equation 2.19). At sunny summer days, the BESS is fully charged at around
12PM with this conventional strategy. This causes a rapid rise of the power fed into the grid. Another
disadvantage of this strategy is the high charging power, which may lead to a faster decrease of the
LIB capacity as described in [131].

P charge = PPV − PLoad for PPV > PLoad (2.18)

P discharge = PLoad − PPV for PLoad > PPV (2.19)

In order to reduce the maximum power fed into the grid, a nearly constant BESS charging power
P charge during the whole daytime is calculated by the EMS. Reducing the maximum feed-in power
allows for a higher self-consumption rate, if the maximum feed-in power is limited by the distribution
grid operator as described in [107]. If a surplus (PPV > PLoad) occurs, the charging power P charge is
calculated by dividing the actual battery capacity Eactual

t by a predicted time tre and an estimated
mean efficiency ηBESS of the BESS. This predicted time tre indicates the time span until the load PLoad

is higher than the solar generation PPV. The calculation of the charging power P charge is shown in
Equation 2.20. As soon as the consumption by the household PLoad is higher than the output power
of the photovoltaics unit PPV, the discharging power P discharge is calculated according to the greedy
algorithm (cf. Equation 2.19).

P charge = Eactual
t

tre · ηBESS
for PPV > PLoad (2.20)

For EMSs for other applications, the reader is referred to further literature. For example, in the field
of energy trading a EMS is presented in the work of Bui et al. [132]. A comprehensive review of
EMSs can be found in the publication of Li and Wang [48]. However, when discussing about beneficial
effects on the distribution grid through storage systems, one should also consider the stress of a
BESS. Hence, six technical characteristics are defined aim to discuss the differences within the storage
applications. These characteristics will be used in the following chapters of this thesis to compare
the novel developed EMSs with the state-of-the-art peak shaving strategy. The technical performance
indicators are implemented in the analysis of SimSES and described in the following paragraphs in
detail.

1. Number of full equivalent cycles
The total number of full equivalent cycle (FEC) within a time horizon T is calculated by dividing the
positive energy throughput Epos

T by the storage capacity Enominal as shown in Equation 2.21. Other
terms such as equivalent full cycles (EFC) or full cycle equivalents (FCE) are also used in the literature.
The FEC varies between the applications and is crucial for the degradation of a LIB [131, 133]. For
example, a BESS providing FCR comes along with more than 240 FECs per year, while a storage
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2 Stationary lithium-ion battery energy storage systems for the grid

system in the peak shaving application reaches around 20 FECs annually.

FEC = Epos
T

Enominal (2.21)

2. Efficiency
The efficiency of a storage system ηBESS is calculated by counting the energy that is extracted from
the storage system Eneg

T divided by the energy that is stored in the storage system Epos
T . The SOE

at the beginning of an analyzed time horizon T and at the end of this analyzed time horizon T is
taken into account as well. Equation 2.22 shows this calculation as implemented in SimSES. This
characteristic allows to determine losses in the various components of a BESS while operating in a
specific application. Losses in power electronic units are usually far higher than the losses in the
LIB [42, 134]. Depending on the application of choice, the simulations in this dissertation derive
storage system efficiencies (ηBESS) between 70% and 90%. Through improved power flow distribution
strategies, a higher efficiency for the power electronic unit and consequently the overall storage system
can be reached [135].

ηBEES = |Eneg
T |

Epos
T − (SOEend − SOEstart) · Enominal (2.22)

3. Cycle depth in discharge direction
The DOC in discharge direction is calculated by using the differences in SOE, whenever a cycle is
detected. As described earlier, in SimSES a half-cycle detector is implemented. A half cycle is detected,
if there is a change from charging to discharging or discharging to charging. Furthermore, if the SOE is
at predefined limits for the maximum (SOEmax) or minimum (SOEmin) energy content. For example,
if the full energy of a BESS can be used, these limits are SOEmax =100% and SOEmin =0%. Then the
DOC is calculated by subtracting the SOE at the beginning and the SOE at the end of the half-cycle
as indicated in Equation 2.23.

This characteristic describes how deep the storage system is discharged before recharging it. Higher
DOCs may lead to a higher cyclic aging of the LIB [76, 77]. To enable a comparison between the
applications and consequently varying storage capacities the DOC is stated in percentage of the total
nominal energy Enominal. If, for example, a discharge event occurs with 20 kW for one hour, the DOC
is 0.2 for a 100 kWh storage system and 0.1 for a 200 kWh BESS.

DOCdis = SOEcycle,start − SOEcycle,end (2.23)

4. Number of changes of sign
Depending on the storage application, the resulting storage profile might change from charging to
discharging and vice versa very often or just a few times per day. Those changes of signs activate the
power electronics. Beside switching losses, a high number of sign changes may also lead to a reduced
lifetime of the power electronics unit [136]. On the one hand a storage system used for providing FCR
follows the grid frequency a high number of about 600 sign changes occur each day. On the other hand,
a BESS operating in the peak shaving application is only stressed with 0.1 to 5 sign changes per day.

5. Length of resting periods
Regardless of the application of choice, a storage system will not be used consistently over time.
Hence, the length of resting periods represents another characteristic, which indicates times, the BESS
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is neither charged nor discharged (P charge =P discharge =0). In this thesis, the average value of resting
period length is indicated in minutes. Depending on the application the length of those resting periods
may vary significantly. On the one side this characteristic is chosen because auxiliary users can be
turned off during long resting periods. On the other hand, BESSs with a high average value of
resting period length are underutilized and it should be considered to use these for stacking multiple
applications [137, 138].

6. Energy between changes of sign
Another chosen characteristic is the energy that is charged or discharged between changes of signs. The
amount of the energy is normalized to the nominal capacity Enominal, which is necessary to compare
BESSs with different capacities.

Beside the technical comparison of storage systems, it is also necessary to evaluate BESSs. With the
focus to an economic comparison of the BESS and conventional grid reinforcement in Chapter 7, the
data research only includes investment costs. Issuances for operation and maintenance are neglected.
In this thesis it is assumed that the storage system is only used as to avoid grid upgrade and therefore
does not generate any income. To enable a comparison, the depreciation period tproj and the discount
rate r must be taken into account. The total investment costs are calculated by multiplying the specific
costs pinvest

BESS with the nominal energy Enominal. Equation 2.24 shows the calculation of the discounted
total costs for a BESS Pinvest

BESS,0.

Pinvest
BESS,0 = pinvest

BESS · Enominal

(1 + r)tproj
(2.24)
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2 Stationary lithium-ion battery energy storage systems for the grid

2.3 Fundamentals of distribution grids

Besides the simulation of BESS, it is necessary to model and simulate a distribution grid to analyze
the effects on the grid of various EMSs. This section describes the distribution grid mathematically,
which is necessary to calculate the line flows in a grid [139]. Based on this model the simulation tool
for the power flow analysis is described. Furthermore, the used load profiles in this study are shown.
Based on these descriptions, the effects of storage systems in a synthetic distribution grid are analyzed
in this thesis. Finally, the fundamentals of conventional distribution grid upgrade are shown in this
section. This allows to evaluate storage systems operated as an alternative to this distribution grid
reinforcement.

2.3.1 Simulation of distribution grids

Figure 2.5 shows a graphical representation for a medium-voltage grid including all denotations for a
mathematical description. Besides an industrial consumer and a BESS, a charging park is included.
This allows the description of the included load profiles for the studies in this thesis. It should be
noticed that the BESS is operated in an active power mode only. The load profiles for the industrial as
well as residential consumers are shown as well in this subsection. The following equations, definitions,
and load profiles are used to perform a power flow analysis to evaluate the states of a distribution grid
both with and without storage systems.

SPCC

S6S5

Pcharge

Pdischarge

b1b2 b3

b5 b6b4

Ib1
→b2 Ib1

→b3

Ib1
→b4

Ib4
→b6

Ib4
→b5

Power line

HV/MV

PCC

Figure 2.5: Graphical representation of a medium-voltage grid including all denotations for a mathe-
matical description. The figure is based on [2].
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In Equation 2.25 the vector N for all nodes b within a distribution grid is described. The total number
of nodes is denoted as B in this thesis.

N = [1, · · · ,b, · · · ,B]T (2.25)

The time step t within a defined time horizon T is indicated by a vector H as shown in Equation 2.26.
The results shown in the Chapters 5, 6, and 7 are based on a simulation duration of six months
(T = 6 months), which represents a tradeoff between seasonal fluctuation and computation time.
The simulation step size t in these studies is set to 15 minutes. The 15-minute time discretization
is due to the fact that the power tariff scheme in Germany is based on 15-minute time step demand
averages [108].

H = [1, · · · , t, · · · ,T] (2.26)

The apparent power Sb
t at each node b for each time step t before is defined by a matrix S. This load

matrix, shown in Equation 2.27, is beside the structure of the distribution grid crucial for the power
flow analysis.

S =



S1
1 · · · S1

t · · · S1
T

... . . . ... . . . ...
Sb

1 · · · Sb
t · · · Sb

T
... . . . ... . . . ...

SB
1 · · · SB

t · · · SB
T


(2.27)

In order to apply and test the EMSs introduced in this dissertation, a synthetic test grid is selected
consisting of a MV grid and 146 underlying LV grids [140]. The simulations in this dissertation are based
different load profiles for residential and industrial consumers at the various nodes b in the selected
grid. The household loads used were created and published by HTW Berlin [141]. The industrial
profiles are provided by industry partners of the Technical University of Munich. The load profiles of
the EV charging stations have been examined by using SimBEV [142]. This tool was developed by
researchers of the Reiner Lemoine Institute in Berlin. All profiles differ in time, frequency, and peak
load duration.

Power flow analysis, or load flow analysis, is widely used to calculate the voltages at different buses
as well as line flows in the grid [143, 144]. The input variables of a power system are built using
the relevant grid data, loads, and generation data. Since the equations to calculate the outputs are
nonlinear, iterative methods such as the Newton-Raphson algorithm or the Gauss-Seidel algorithm
are commonly used to solve this problem numerically [145]. To calculate the line flows and the grid
reinforcement demand a software for electric distribution grid optimization (eDisGo) is used.

The purpose of the eDisGo software is to perform a power flow analysis for a certain time period.
Within eDisGo the grid settings are linked with the load profiles, while the single step non-linear
power flow calculation is conducted using the open-source PyPSA software [146]. The eDisGo tool
is implemented in Python and has been previously used in various studies [147, 148]. Apart from
this thesis, this tool enables to assess the potential of flexibility options as a further alternative to
conventional grid reinforcement [140].

23



2 Stationary lithium-ion battery energy storage systems for the grid

One important output of a power flow analysis is the current Ibj→bk

t for a specific line between two
specific nodes bk and bj at each time step t. The line current is defined by a vector Ibj→bk as shown in
Equation 2.28 and this vector is essential for checking if grid reinforcement is necessary. If two nodes
are not linked to each other, this value in the matrix remains 0.

Ibj→bk =
[
Ibj→bk

1 , · · · , Ibj→bk

t , · · · , Ibj→bk

T

]
∀ bj ∈ N, bk ∈ N, bj 6= bk (2.28)

2.3.2 Conventional distribution grid reinforcement

The procedure and the framework in distribution grid planning are based on various regulations at
national and international level, but no standardized process has been implemented yet. One reason
for this is, for example, the regional differences among the individual distribution grid structures. In
this thesis the focus is on required grid reinforcement in MV grids, caused by a high penetration of EVs,
as this will be the main driver in urban areas [14]. A MV grid, which is connected to the high-voltage
level via a transformer at a single substation (PCC) and operated as an open loop is assumed in the
following chapters of this dissertation. This structure reflects the most common topology encountered
in Germany [140].

The most important aspects of grid stability in urban areas with a high share of EVs is the thermal
capacity of cables, which is linked to the current (cf. Equation 2.28) [149]. In Germany, MV grids
must be able to withstand the outage of any single component, such as a cable or a transformer unit
(n-1 criterion) [150]. According to German law, grid operators are obliged to operate, maintain and
expand a safe, reliable, and efficient energy supply network [150]. So far, various approaches have
been considered to keep the quality of energy supply in the future. One possibility that network
operators are considering avoiding or delay grid reinforcement is the introduction of a time of use
tariff [151]. A lower price at off-peak times is offered to the consumers, so they can better manage
demand, and consumers can lower their bills [152–154]. A highly discussed topic is also planning the
charging of electric drive vehicles including electricity grid constraints [155, 156]. However, none of
these approaches seem to be gaining acceptance among grid operators at the moment [14].

The constant change in the energy system leads to necessary adaptions in the regulatory framework.
Due to current interpretation of German law, grid operators are now allowed to use BESSs as an
option to avoid grid reinforcement, if they are only used for a safe and reliable grid operation [157].
However, for an economic comparison of storage systems with grid reinforcement, it is necessary to
consider the various methods conventional distribution grid reinforcement in medium voltage grids.
Table 2.1 presents an overview of these methods. As the simulation in this thesis showed, that in most
cases single cables are overloaded, the focus at the economic comparison is on the grid reinforcement
method of adding parallel cables.

Table 2.1: Overview of methods for conventional distribution grid reinforcement in medium voltage
grids.

Grid reinforcement method Source

Additional primary or secondary substation [13, 150]

Rerouting of MV rings [158, 159]

Additional parallel cable [13, 160]
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As shown in the section before for storage systems, it is also necessary to evaluate grid reinforcement
costs. With the focus to an economic comparison of the BESS and conventional grid reinforcement in
Chapter 7, the data research only includes investment costs. Issuances for operation and maintenance
are neglected. To enable a comparison, the depreciation period tproj and the discount rate r must be
taken into account. It must be noticed that the depreciation period of BESSs (cf. Equation 2.24)
and grid reinforcement can differ. The total investment costs are calculated by multiplying the specific
costs pinvest

Grid with the length of the required grid reinforcement lGR. Equation 2.29 shows the calculation
of the discounted total costs for grid reinforcement Pinvest

Grid,0.

Pinvest
Grid,0 = pinvest

Grid · lGR

(1 + r)tproj
(2.29)
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3 SimSES: A holistic simulation framework for modeling
and analyzing stationary energy storage systems

Main research question: What are the requirements for modeling the various components for an
accurate simulation of stationary energy storage systems?

Stationary BESS are seen as an alternative to conventional grid reinforcement to face the challenges
of an increasing energy demand. The prediction of technical and economical behavior is essential
before investing in energy storage systems. Holistic simulation tools are needed in order to determine
key performance indicators such as lifetime, efficiency, and monetary returns. This publication shows
the functionality of such a holistic simulation framework. SimSES is specialized in evaluating various
energy storage technologies, technically and economically.

The modular approach of SimSES allows to combine various topologies, system components, and
storage technologies embedded in an energy storage application. Energy storage models including
their aging characteristics represent the core of SimSES. At the time of writing this manuscript, three
detailed models of three storage technologies had been implemented: LIB, redox-flow battery, and a
hydrogen energy chain. However, due to the modular approach of SimSES, further technologies or
additional models for existing technologies can be implemented in future work.

An included analysis illustrated by key performance indicator allows to evaluate a storage system
technical and economically. An extensive plotting functionality presents the results graphically. The
main functionalities are demonstrated within this publication with two use-cases: A BESS providing
FCR and a peak shaving application. In the following the highlights of this publication are summarized:

• A unique open-source holistic simulation framework for stationary energy storage systems based
on Python code is presented.

• SimSES provides detailed analysis opportunities for simple and complex energy storage systems
configurations.

• Different storage technologies and other components of a storage system, such as power electronic
models, are covered within the simulation framework for a detailed evaluation of efficiency and
aging behavior.

• SimSES offers interfaces for an easy integration into other simulation tools, such as tools for
power-flow analysis.

• The simulation framework offers various EMS for common applications, such as an EMS for
providing FCR or an EMS for a residential storage system. However, individual stand-alone or
coupled strategies are easy to implement.

Within this thesis, SimSES is used to determine the technical and economical behavior of BESS used
as an alternative of conventional grid reinforcement to face the challenges of an increasing energy
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demand. Technical key performance indicators of a BESS for common applications are determined
in Chapter 4. In the following Chapters 5, 6, and 7 various stand-alone as well as coupled EMS are
simulated with SimSES to validate their functionality. This leads to the ability to evaluate storage
systems economically to the costs of grid reinforcement.

Author contribution Marc Möller was the principal author tasked with coordinating and writing
the paper and developing SimSES. Daniel Kucevic led the parts for EMS and LIB technology. Nils
Collath implemented the economic evaluation and contributed to the thermal model as well as EMS.
Anupam Parlikar was mainly responsible for the thermal model. Petra Dotzauer contributed to redox
flow battery technology. Benedikt Tepe implemented and wrote the technical evaluation as well as
contributed to the case studies. Stefan Englberger helped with execution and writing of the case studies.
Andreas Jossen contributed via fruitful scientific discussions and reviewed the manuscript. Holger
Hesse wrote the introduction and was giving valuable input throughout the manuscript preparation.
All authors contributed with constructive feedback, reviews, and programming.
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A B S T R A C T

The increasing feed-in of intermittent renewable energy sources into the electricity grids worldwide is currently
leading to technical challenges. Stationary energy storage systems provide a cost-effective and efficient
solution in order to facilitate the growing penetration of renewable energy sources. Major technical and
economical challenges for energy storage systems are related to lifetime, efficiency, and monetary returns.
Holistic simulation tools are needed in order to address these challenges before investing in energy storage
systems. One of these tools is SimSES, a holistic simulation framework specialized in evaluating energy storage
technologies technically and economically. With a modular approach, SimSES covers various topologies, system
components, and storage technologies embedded in an energy storage application. This contribution shows
the capabilities and benefits of SimSES by providing in-depth knowledge of the implementations and models.
Selected functionalities are demonstrated, with two use cases showing the easy-to-use simulation framework
while providing detailed technical analysis for expert users. Hybrid energy storage systems consisting of
lithium-ion and redox-flow batteries are investigated in a peak shaving application, while various system
topologies are analyzed in a frequency containment reserve application. The results for the peak shaving
case study show a benefit in favor of the hybrid system in terms of overall cost and degradation behavior
in applications that have a comparatively low energy throughput during lifetime. In terms of system topology,
a cascaded converter approach shows significant improvements in efficiency for the frequency containment
reserve application.

1. Introduction

In former decades, the worldwide energy transition was predomi-
nantly driven by introducing more Renewable Energy Sources (RES)
capacity to existing power networks, a process strongly supported by
both globally declining cost for wind and solar power generation as well
as through local legislation support, including subsidy schemes [1,2].
Following these early stage developments, the energy transition in
various regions has now started to face new constraints and technical
challenges, which demand other and often more site-specific solution
approaches. Coupling of the power grid to both heating and electrified
transport is certainly a key strategy to increase RES penetration on a
global and nationwide level within the power system itself. At the same
time, increasing the intermittence of supply that relies more on variable
sources like solar and wind generation brings incorporation of grid-tied
energy storage into discussion as a technically mature and potentially
cost-competitive measure addressing volatility issues [3].

∗ Corresponding author.
E-mail address: marc.moeller@tum.de (M. Möller).

In order to categorize storage integration in power grids we may
distinguish among Front-The-Meter (FTM) and Behind-the-Meter (BTM)
applications [4]. FTM includes applications such as storage-assisted
renewable energy time shift [5], wholesale energy arbitrage [6,7],
and Frequency Containment Reserve (FCR) provision [8]. A more dis-
tributed and locally coordinated power supply is discussed in the
context of BTM applications, e.g., Peak Shaving (PS) for industrial sites
or at electric vehicle charging stations [9], or bill-saving at residential
sites through Self-Consumption Increase (SCI) with local photovoltaic
generation (residential battery storage) [10]. However, before taking
a solid investment decision, it is crucial to analyze and optimize the
technical parameters, storage dispatch control, as well as cost/revenue
streams over the course of the entire project lifetime. Simulation and
modeling tools in conjunction with sensitivity analyzes and optimiza-
tion routines are commonly used to support these crucial steps in the
planning and operational phase of grid-integrated storage projects.
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The Simulation Tool for Stationary Energy Storage Systems (SimSES)
was developed to assist through the aforementioned tasks of storage
system planning and operation. Through combining user-defined in-
puts with pre-parameterized component building blocks, as well as
calculation methods and result analysis functions, a reserve is built
for research, industry, and policy makers in equal measure to support
deployment and enrollment of storage integration to the grid. The
approach of SimSES is presented within this contribution.

In Section 2, comparable existing tools are reviewed and evaluated
before the structure of SimSES is elaborated further in Section 3 as
well as its detail models for storage technologies (Section 4) and its
periphery (Section 5). Afterwards, in Section 6 two case studies are
presented to show the capabilities of SimSES and concludes with a
summary and outlook of further investigations in Section 7.

2. Literature review

Various authors have analyzed sizing and (economically) optimal
operation of a specifically chosen storage system in a dedicated appli-
cation setting, e.g., the usage of redox flow battery (RFB) for industrial
PS applications [9] or the usage of lithium-ion battery (LIB) for SCI [11,
12]. Fewer studies exist comparing the suitability of different storage
options for a given use case, e.g., refer to Toledo et al. [13] for a
suitability comparison of different storage types for conducting residen-
tial self-consumption increase. Also, the profitability attainable across
different applications was analyzed with a given technology to start
off with, e.g., LIB in a wide range of application settings [14]. There
is consensus that no uniform ideal candidate to meet all application-
specific requirements exists within the storage technologies available to
date [15]. In order to predict internal states of a storage system such as
the State of Health (SOH) or the storage internal losses, it may become
necessary to parameterize and simulate an adequately complex model
of a storage system. Furthermore, simulations need to be fed with
an operational concept that complies with the application constrains,
and may deliver the compatibility of a given configuration as well as
provide state predictions for the storage system. From an investor’s per-
spective and ultimately for the most cost-effective integration of storage
system to power grids with a high share of Variable Renewable Energy
Sources (vRES), it is detrimental to conduct in-depth sensitivity and
optimization studies relying on a full spectrum techno-economic model
before subsequent tasks of project acquisition, realization, operation,
and ultimately disposal are to be considered.

In the following, an overview of a selection of depicted tools for the
techno-economic modeling of stationary storage in grid applications is
provided. While Table 1 summarizes some of the main characteristics of
these tools, it should be noted that this paper does not claim to provide
a complete overview of all tools that may be relevant in the context
matter.

GridLab-D,1 developed and distributed via Pacific Northwest Na-
tional Laboratory (PNNL), is a universal tool that allows modeling
and analyzing multi-component power system networks. Its strength
lies in the ability to simulate physical properties of various compo-
nents through setting up and solving multiple differential equations,
describing all sub-components in the modeling region. While the tool
is certainly strong in modeling an entire micro-grid with its numerous
grid states, it lacks detailed performance models for energy storage
systems as well as application-specific parameterization and is therefore
not applicable for detailed techno-economic analysis and optimization
of storage project as it is focused in this work.

Other tools like NAS Battery Simulator,2 PNNL Flow Battery Cal-
culator,3 and H2FAST,4 are tools dedicated to specific storage types be-
ing sodium sulfur battery (NaS) redox flow, and electrolysis/hydrogen

1 https://www.gridlabd.org/
2 https://www.ngk-insulators.com/en/product/nas/simulator/
3 https://github.com/PNNL-OE-Redox-Flow-Battery-Cost-Tool/PNNL-OE-

Redox-Flow-Battery-Cost-Tool
4 https://www.nrel.gov/hydrogen/h2fast.html

storage, respectively. These tools are developed for conducting rapid
cost-revenue calculations for the specific technology of choice and offer
limited user-specific input in terms of system parameterization and
choice of application use case. Nevertheless, the aforementioned tools
are confined to a dedicated storage system technology, rendering them
less suitable for cross-technology comparisons. Furthermore, most tools
of this kind are distributed as a proprietary code, matching only a
dedicated commercial product well, and are not suitable for conducting
sensitivity analyzes and adaption to envisioned new storage system
control and operation.

More tailored simulations can be conducted using the tool Per-
ModAC developed at htw Berlin [16]. Using this open-source software
tool, performance and efficiency modeling of PV-coupled residential
battery storage systems can be conducted. While the tool is extraor-
dinarily strong in conducting battery storage product-specific perfor-
mance and efficiency modeling, the model lacks the capabilities to
analyze battery degradation. More importantly, the current version of
this open-source tool is strictly confined to a specific residential BTM
use case and cannot be used directly for cross-application assessments,
as is desired for an investor’s decision support.

Homer Pro and Homer Grid are more versatile modeling tools
when it comes to comparing and optimizing the techno-economic
performance of storage systems in (micro-)grids. The tools support
various storage specific libraries and application-specific modeling ca-
pabilities, e.g., storage-supported renewable energy time shift in island
grids as well as peak-shaving and solar-plus storage calculations in
the current professional versions, and has been used in various sci-
entific publications [17,18]. The software was developed by National
Renewable Energy Laboratory (NREL), but the license for these tools
are distributed solely via Homerenergy as a commercial product and
cannot be extended/adapted according to the users’ desire to address
new application scenarios, specific personal needs, or local regulation
frameworks. E.g., applications like the provision of frequency contain-
ment reserve and arbitrage marketing scenarios are not covered in the
current version of the software tools.

Two other tools developed by NREL and Sandia National Laborato-
ries (SNL) are worth looking at in more detail: BLAST5 (Battery Lifetime
Analysis and Simulation Tool) is a powerful software suite programmed
using MATLAB® and it is distributed for both vehicle and stationary
BTM applications. BLAST-BTM-Lite has powerful modeling capabilities
for battery performance and lifetime calculations in stationary BTM
applications and it includes both optimization and basic economic
calculations. While it is highly recommended that this tool to be looked
at closer by users interested in PV self-consumption and PS application,
applications (only BTM) and storage systems to be analyzed (only con-
ventional electro-chemical batteries) are clearly limited and confined.
Furthermore, its original code structure lies hidden behind a graphical
user interface and a proprietary executable file, making it unfeasible for
the end-user to adapt parameters, e.g., sample time for peak shaving
control.

The System Advisor Model6 (SAM) tool builds up on a PV modeling
framework originally set up by SNL and is now distributed via NREL.
In its current version it allows coupling of battery storage with PV
systems and incorporates financial models, e.g., for Power Purchase
Agreement (PPA) calculations. More importantly, the user interface has
been re-factored and is now distributed as an open-source software
development kit for the Python programming language, allowing others
to contribute with their individual extensions and developments. Nev-
ertheless, on the technology side of its current version only batteries
are supported and implemented (no other storage media).

5 https://www.nrel.gov/transportation/blast-btm-lite.html
6 https://sam.nrel.gov/about-sam.html

3 SimSES: A holistic simulation framework for modeling and analyzing stationary energy storage
systems

32



Journal of Energy Storage 49 (2022) 103743

3

M. Möller et al.

Table 1
Overview of technical and economic modeling tools for energy storage in stationary applications.

Tool name License type Developer (primary) Focus

GridLab-D BSD open license PNNL Multi-domain state modeling for power distribution system
simulation

NAS Battery Simulator commercial NGK-insulators NGK product-tailored NaS battery simulation in peak shaving
application

Flow Battery Calculator open source PNNL Estimation tool of cost for redox flow batteries
H2FAST open source (Excel sheet) NREL Economic assessment of hydrogen fuel stations
PerModAC open source htw Performance and efficiency modeling of PV coupled residential

battery storage systems
Homer Pro commercial Homerenergy (UL.com) Residential/Microgrid modeling—multiple storage systems, multiple

application scenarios
BLAST-BTM-Lite commercial freeware (lite version) NREL Analysis and modeling of battery degradation
StorageVET open source EPRI Optimization of size and financial evaluation of energy storage
SAM — System Advisor Model BSD-3-clause NREL Modeling and analysis software for renewable energy projects
SimSES BSD-3-clause TUM Physically motivated energy storage component, system and

application behavior model

The storage value estimation tool7 (StorageVET) developed mainly
by the Electric Power Research Institute (EPRI) comes with a documen-
tation, tutorial videos, and a user feedback forum. Since the release
of version 2.0 the tool has been available as a Python package and
most functional parts are licensed as 3-clause BSD open source. The
tools allow conducting cost–benefit analysis and includes various ap-
plication services like voltage support, retail demand charge reduction,
frequency regulation, and even value stacking via aggregating multiple
services to be served by one storage system. While the interface to
the generation and storage technologies allows multiple options, at
present only a very limited number of choices is available (PV/Internal
Combustion Engine (ICE) and Battery/Compressed Air Energy Stor-
age (CAES)). Furthermore, performance and degradation modeling is
very limited, as it is based on an energy bucket model rather than
analyzing the voltage and current specific phenomena of real world
electro-chemical devices. Also, there is no thermal model included
in the calculations, limiting the value of simulations for temperature
sensible parameters like storage system efficiency (including Heating
Ventilation Air Conditioning (HVAC) consumption) and storage aging.

Unlike the aforementioned tools, SimSES aims to bring together the
model precision of tools like SAM and PermodAC and combine it with
an interface to various applications and energy market scenarios. To
do so, the model is distributed as open-source code on Gitlab8 and
Python Package Index9 and builds up on a object-oriented approach
programmed in Python language. Several modules are interlinked and
interchangeable, and configuration files are used to select the setting
of choice for typical time-series evaluations. The program as a whole,
or parts of it, can also be integrated into simulation toolchains and
modeling environments, making it feasible to be used in sensitivity
and optimization studies and at the interface to a super-ordinate multi-
instance controlling unit, as is further described in one of the case
scenarios (Section 6.1). In order to allow the Energy Storage Systems
(ESS) to react directly to states in a distribution grid, SimSES can be
coupled to grid models, thus making it possible to have a power flow
analysis and a detailed simulation of an ESS at the same time. SimSES
stands out against above-mentionded tools, e.g., Homer Pro or SAM,
by providing various detailed energy storage systems including vali-
dated and literature-based degradation models. Furthermore, a plethora
of predefined storage-specific application Energy Management System
(EMS) like ancillary services and energy trading are implemented and
combined with suitable economic parameters, so that end-users are able
to test a system of choice for a selected application use case. At the same
time, the existent code framework is open-source accessible and open
for future contributions from other developers worldwide.

7 https://www.storagevet.com/
8 https://gitlab.lrz.de/open-ees-ses/simses
9 https://pypi.org/project/simses/

3. Simulation framework for stationary energy storage systems

Stationary ESS may become a key component for future energy
systems and incorporating various FTM and BTM applications sup-
porting the electricity grid. Simulation tools are needed in order to
provide advice for investment decisions and to analyze the impact
of a stationary ESS. These tools should be able to model impact of
applications on the health status of the ESS and its implications for
prospective revenues.

While SimSES aims to allow for techno-economic cross-application
and cross-technology comparisons, the tool is designed in a modular
fashion and incorporates all technical components necessary for the
grid connection of energy storage. Hence, SimSES does not only model
various technologies, but also their thermal behavior, the correspond-
ing power electronics, as well as the impact of different operating
strategies. An integration into other energy simulation frameworks can
be easily applied, as shown in project openBEA.10

The main task of SimSES is to determine the effects of the target
power provided by the EMS regarding efficiency, temperature, and
degradation of the ESS when applied to the storage system. Each imple-
mented component is responsible for modeling its relevant principles.
SimSES is divided into a simulation part for modeling the physical
representation of the ESS and an evaluation part that provides technical
and economic results as shown in Fig. 1. The figure also shows the
basic working principle of SimSES: the time-series based simulation
allocates an AC power target provided by the selected EMS to the
storage system. After updating all models of the storage system, the
current state regarding important variables such as SOC, temperature,
SOH, and delivered power is transferred back to the operating strategy
on which a new target power is calculated for the next time step.

In order to represent a storage system as a whole, various compo-
nents need to be taken into account for a storage simulation. Besides
the storage technology, power electronics is an important element. For
instance, a simple Battery Energy Storage System (BESS) configuration
consists of an Alternating Current to Direct Current (ACDC) converter
connected to the grid and a battery. Additionally, stationary ESS are
usually covered by a housing. These housings need to be thermally
controlled in order to keep the ESS within its safety ranges. SimSES
covers these possibilities with various configurable components and
topologies.

More complex topologies can also include Direct Current to Direct
Current (DCDC) converter or parallel connected ACDC converters, each
connected to an ESS. Various ESS topologies are built with an AC
connection to the grid or site location by connecting an ACDC con-
verter to the storage system. However, in recent years Direct Current
(DC)-coupled ESS has gained importance, especially in the residential

10 https://openbeaproject.wordpress.com/
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Fig. 1. Graphical overview of SimSES showing its simulation and analysis models,
including the Energy Management System (EMS), storage system setup, technical and
economical evaluation, and its necessary inputs. The state of a storage system includes
the most important variables of the storage models, e.g., State of Charge (SOC),
temperature, and State of Health (SOH).

Fig. 2. Main component classes in SimSES: Interconnection of electrical and thermal
models for ESS including the abstract AC and DC storage systems. Multiple model
implementations exist for each component. Possible parallel connections of various AC
and DC storage systems are indicated.

sector [19]. Hence, a state-of-the-art storage simulation framework
needs to take varying topologies into account. SimSES considers these
topologies by defining two abstract systems: AC and DC storage sys-
tems, which can also be combined in order to meet versatile topology
configurations. Every AC storage system consists at least of an ACDC
converter and a DC storage system. On the one hand, this allows the
connection of several storage systems to the grid in parallel; on the
other hand, this allows multiple DC-connected ESS within one storage
system. Furthermore, the main ESS model is located inside the DC
storage system behind a DCDC converter. These models are depicted
in Fig. 2.

In the following sections, each of the SimSES packages as well as
the underlying models and implementations are described in detail and
shown in Fig. 3. Storage Technology and System provides models to
represent physical models of storage system components while Analysis
focuses on examining the simulation results regarding the technical
and economical behavior of the simulated storage systems. All control
algorithms and power flow management are handled within the Logic
package.

Additional packages like Commons, Simulation, and Data deliver
supportive functions for SimSES. Config is tasked to deliver function-
ality for the mentioned modular configuration of the ESS. In this
package, software design patterns like the factory pattern are used to
provide a wide range of configurable components [20]. Additionally,
the structure allows the use of sensitivity analysis, e.g., by varying
either different components or their dimensions. Simulation is another
package that supports sensitivity analysis by allowing running multiple

Fig. 3. Structure of SimSES: Packages are divided into Storage Technology, System,
Commons, Logic, Analysis, Simulation, and Data. Within Storage Technology, the physical
representation of each technology, namely LIB, RFB, and Hydrogen, is located. The
Commons package delivers general functions for configuration and common features.
The periphery is handled in the System package. Control algorithm and management
is dealt with in the Logic package. Analysis focuses on the technical and economical
evaluation of the simulation results. Simulation provides functions for simultaneous
simulations, whereas Data stores all necessary information.

SimSES instances in parallel, therefore increasing simulation speed.
For this purpose, Python’s multiprocessing library is used. Further time
series functions are implemented, like handling of profiles for power
or price time series. These functions are used throughout SimSES, for
example, by providing power profiles for the EMS. These supportive
functions are covered within Commons, providing general functionality
for time-series based simulations.

4. Storage technology models

Energy storage models represent the core of SimSES. In-depth mod-
els of various storage technologies are implemented, namely for LIB,
RFB, and a hydrogen energy chain represented by electrolyzer, fuel
cell and hydrogen storage. Each of these storage technologies have
specific implementations regarding their physics and behavior. Due to
the modularity of SimSES, further technologies can be implemented in
future work.

4.1. Lithium-ion battery

ESSs based on LIB have evolved rapidly with a wide range of cell
technologies and falling costs in recent years [11,21]. In SimSES LIBs
are implemented as a distinct storage technology. The target power
for this technology Pst depends on the storage structure and the power
distributor as described in Section 5.

Four subcomponents are implemented in SimSES for behavior mod-
eling of LIB. The Equivalent Circuit Model (ECM) is used to describe
the electrical behavior of a specific cell type providing terminal voltage
according to operational input data. The Battery Management System
(BMS) monitors the cell operation conditions and updates values for
the current. The electrical characteristics of LIBs in SimSES differ with
chemistry and composition of constituent materials and may be fed
with predefined manufacturer-specific datasets. Furthermore, various
cell-specific degradation models can be selected in SimSES. The aging
calculation is based on the cycle detector selected (e.g., half-cycle
detector). These four main components are schematically illustrated in
Fig. 4, and explained in detail in the following subsections.

4.1.1. Equivalent circuit model
To describe the electrical behavior, in SimSES the battery is im-

plemented as a single-cell ECM. The currently implemented model
includes an Open Circuit Voltage (OCV) and an internal resistance Ri,
which is depicted in Fig. 4. According to Eq. (1), the terminal voltage

3 SimSES: A holistic simulation framework for modeling and analyzing stationary energy storage
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Fig. 4. Package structure of a lithium-ion battery. The battery package in SimSES
includes four main components: a battery management system, a cell type including a
equivalent circuit model, a degradation model, and a cycle detector.

UT of each cell is calculated from the OCV and the voltage drop ΔU
across Ri, due to the cell current I.

The OCVs of all currently implemented cell types are only de-
pendent on the SOC but could be extended with further parameters
like temperature and SOH. The internal resistance Ri of all currently
implemented cell types takes the cell temperature Tcell, I, and the SOC
into consideration. For both the SOC as well as Ri, the required data for
different cell types are stored as look-up tables in SimSES. In between
the available data points a linear interpolation is executed. Hence,
the result quality relies on the number of data points. To improve
performance, the interpolation of the SOC data was replaced by a fitted
mathematical function, which is explained in Appendix A.

UT = UOCV − 𝛥U = UOCV (SOC) − I ⋅ Ri
(
SOC, I,Tcell

)
(1)

4.1.2. Battery management system
The BMS is linked to the ECM and is responsible for maintaining

critical cell parameters within their permissible ranges. In addition to
the target power Ptarget , voltage UT, temperature Tcell, SOC, and current
I are further input parameter for the BMS. According to the cell-specific
parameters (e.g., maximum temperature), the BMS checks the input
parameters and indicates whether they are within their limits. If limit
violations occur, the current is restricted and returned to the ECM. The
other parameters are recalculated accordingly and passed on to the
aging models. The fulfillment factor indicates the share of the output
power to the target power and will become sub-unity for simulations
with boundary violations.

As seen in Eq. (1), the current I and the terminal voltage UT are in-
terdependent. Differential equations are necessary for calculating these
values in the discrete time domain. To avoid these computationally in-
tensive differential equations, an iteration loop is integrated in SimSES:
the updated current I and terminal voltage UT are iteratively derived
through repetitive numerical approximation. This loop terminates after
a predefined maximum number of iterations or as soon as the change
in the current I or the terminal voltage UT falls below a preset limit.

4.1.3. Lithium-ion battery cell types
The LIB cell forms the core of the BESS, and is essential for under-

standing the electrical and thermal characteristics of an entire system.
For a more detailed discussion the reader is referred to [22,23] and
for a description of current and future materials for LIBs as well as
beyond lithium-based anode materials the reader is referred to [24]. In
SimSES, three state-of-the-art technologies based on a Carbon-Graphite
(C) anode and various cathode materials are currently implemented:
two cells with a Nickel-Manganese-Cobalt-Oxide (NMC) cathode and
one cell, each with a Lithium-Iron-Phosphate (LFP) and Nickel-Cobalt-
Aluminum-Oxide (NCA) cathode, respectively. In addition, a generic

cell with linear OCV is implemented in order to run simulations in-
dependent of the cell chemistry. Table 2 gives an overview of these
cells, including their electrical attributes. The thermal parameters are
summarized in Appendix B.

4.1.4. Lithium-ion battery degradation models
LIBs are subject to degradation due to multiple cell-internal aging

processes, which can have significant impact on the economics of a
BESS project [30]. In SimSES, degradation is modeled following a
semi-empirical superposition approach of cyclic and calendar aging, as
shown in Eqs. (2) and (3).

Ctotal
loss = Ccal

loss + Ccyc
loss (2)

Rtotal
inc = Rcal

inc + Rcyc
inc (3)

The resulting capacity loss Ctotal
loss and resistance increase Rtotal

inc are
calculated through the addition of the respective calendar aging (Ccal

loss,
Rcal
inc) and cyclic-aging components (Ccyc

loss, Rcyc
inc ). Table 3 provides an

overview of the primary LIB degradation models that are available in
SimSES and their dependencies, as well as the sources on which these
models are based. Here, t, SOC, Tcell, and UT refer to the simulation
time, state of charge, cell terminal voltage, and cell temperature,
respectively. ΔDOD, EFC, Q, and UT refer to the delta in depth of
discharge for a cycle, the number of equivalent full cycles, the charge
throughput, and the average cell terminal voltage over one equivalent
cycle. The delta in depth of discharge (ΔDOD), as it is implemented
here, is also referenced as depth of cycle or cycle depth in literature by
some authors.

While calendar aging is computed once every simulation step, the
model routine to calculate increase in cyclic aging is only triggered fol-
lowing the detection of half an equivalent cycle of charge throughput.
This decreases the calculation time and allows determining the C-rate
as well as DOC for that half equivalent cycle.

4.2. Redox flow battery

Large-scale storage systems are purportedly to be of rising concern
in order to ease the growing penetration of RES. Hence, RFBs are of
particular interest for multiple hour- and large-scale stationary ESSs
because they can be easily and efficiently scaled according to the needs
and become cost competitive at an energy range of multiple MWh [31].
To analyze their potential in different applications from small-scale
(e.g., residential storage) to large-scale applications (e.g., industrial
storage), they are integrated into SimSES as an additional storage
technology. In an RFB, the liquid storage medium (electrolyte) is stored
in external tanks. To charge and discharge the RFB, the electrolyte
is pumped through a stack where the electrochemical reactions take
place. The electrolyte divided in anolyte and catholyte solutions are
separated by an ion-exchange membrane through which the charge
carriers are transported. There are several known possible electrolyte
combinations, e.g., all-vanadium or vanadium/bromine solutions [32].
As the energy conversion unit and the energy storage medium are de-
coupled, the power and energy of an RFB can be scaled separately [31,
32].

Fig. 5 shows the structure of the main components modeled in
SimSES to describe an RFB. The electrochemical model calculates the
electrical operating parameters of a specific stack module dependent
on the chemical composition of the selected electrolyte system. The
control system checks whether the target parameters are within safe
operating limits and returns the actual usable values. Different pumps
and pump control algorithms can be configured. In the following, the
model components are described in more detail.
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Table 2
Lithium-ion battery cells currently implemented in SimSES, including their electrical parameters.

Manufacturer
Model

Acronym
in SimSES

Anode
Cathode

Nom. voltage (V)
Voltage range (V)

Capacity
(Ah)

Crate Ch. (1/h)
Crate Dch. (1/h)

Source

Sonya

US26650FTC1
SonyLFP Graphite

LiFePo4
3.2
2.0–3.6

3.0 1.0
6.6

[25,26]

Panasonic
NCR18650PD

Panasonic-
NCA

Graphite
LiNiCoAlO2

3.6
2.5–4.2

2.73 0.5
3.5

[27]

E-One Moli
Energy
IHR18650A

MolicelNMC Graphite
LiNiCoMnO2

3.7
3.0–4.25

1.9 1.05
2.1

[28]

Sanyo
UR18650E

SanyoNMC Graphite
LiNiCoMnO2

3.6
2.5–4.2

2.05 1.0
3.0

[27,29]

Generic cell
model

GenericCell – 3.5
3.0–4.0

2.5 2.0
2.0

–

aMurata Manufacturing Co. acquired the Sony battery division in 2017.

Table 3
LIB-specific degradation models along with corresponding variable dependencies and literature sources.

Cell acronym Calendar aging Cyclic aging Model based on

Ccal
loss Rcal

inc Ccyc
loss Rcyc

inc

SonyLFP t,SOC,Tcell t,SOC,Tcell EFC, 𝛥DOD, C-rate EFC, 𝛥DOD, C-rate [25,26]
PanasonicNCA t,UT ,Tcell t,SOC,Tcell EFC, UT, C-rate EFC, UT, C-rate [27]
MolicelNMC t,SOC,Tcell t,SOC,Tcell Q, 𝛥DOD, C-rate Q, 𝛥DOD, C-rate [28]
SanyoNMC t,UT ,Tcell t,UT ,Tcell Q, 𝛥DOD,UT Q, 𝛥DOD,UT [29]
GenericCell t – EFC – –

Fig. 5. Package structure for a redox flow battery (RFB). It contains an electrochemical
model (equivalent circuit model) with specific parameters for different stack modules,
an implemented control system, an electrolyte system, a degradation model, and pumps,
with interchangeable control algorithms.

4.2.1. Electrochemical model
As with LIB, the currently implemented electrochemical model of an

RFB is based on an equivalent circuit model (cf. Fig. 5). The terminal
voltage UT is directly calculated from the power applied to the RFB.
Eq. (4) can be derived from Eq. (1) by using the relation between
storage power Pst , terminal voltage UT, and current I (Pst = UT ⋅I). UT is
therefore calculated by Pst , the OCV, and the internal resistance Ri. Both
OCV and Ri are dependent on the SOC and the electrolyte temperature
in the stack module Tstack .

UT = 0.5 ⋅
(
UOCV +

√
U2
OCV + 4 ⋅ Ri ⋅ Pst

)

UOCV = f
(
SOC,Tstack

)

Ri = f
(
SOC,Tstack

)
(4)

Charge effects are taken into account by implementing a current for
the charging losses Ichar-loss when calculating the change of the system
SOC (SOCsystem) via Eq. (5), considering the simulation time step Δt,
the nominal voltage at the stack module Unom, and the total energy
of the electrolyte Etotal. Ichar-loss includes coulombic losses due to self-
discharge through the transport of reactants over the membrane and

shunt currents. Shunt currents occur due to a connection of cells in the
stack through an ionic conductive electrolyte distribution system. This
creates a bypass current forced by the electric field due to the electrical
series connection of the cells [33].

𝛥SOCsystem =
(
I − Ichar-loss

)
⋅ 𝛥t ⋅ Unom

Etotal
(5)

A control system is integrated in the electrochemical model, which
checks whether UT, I, and SOC are within safe operating limits. If the
values are out of range, they will be adapted and the other parameters
are recalculated accordingly.

Additionally, a capacity degradation model including the capacity
losses Closs due to hydrogen evolution is implemented in the RFB model.
Further research is required to estimate a realistic hydrogen evolution
current for industrial-sized stacks to predict the capacity reduction
realistically over time. A current approach using experimental data of
a laboratory cell from Schweiss et al. [34] overestimates the resulting
capacity losses. Whitehead et al. [35] stated a capacity loss of less than
1% per year due to hydrogen evolution. Therefore, a hydrogen current
of 5 ⋅ 10−8 mA

cm2 is assumed, resulting in a capacity loss of about 1% per
year for a system with an Energy-to-Power Ratio (EPR) of 1. As the EPR
increases, the loss decreases accordingly.

4.2.2. Stack module and electrolyte system
The calculations in the electrochemical model are based on elec-

trical and geometrical data for a stack. A stack consists of a fixed
number of cells electrically connected in series. The data to consider
the voltage, charge, and hydraulic losses of a stack can be obtained
either from experimental data or from the literature values and models.
Stacks can be electrically connected in parallel or in series to a stack
module to increase power and voltage of the RFB system. In this
configuration the electrolyte flows in parallel through all cells and
stacks. The performance parameters of the stack are directly connected
to the used electrolyte system. The currently in SimSES examined
and implemented electrolyte is an all-Vanadium system, consisting of
1.6 mol/l Vanadium solved in an aqueous sulfuric acid (2 mol/l H2SO4)
from GfE (Gesellschaft für Elektrometallurgie mbH). To reduce side
reaction due to high potentials and to prevent performance penalties
the electrolyte needs to operate in a limited SOC range. A typical usable
SOC range for a RFB lies between 20 and 80% [36]. Based on this SOC

3 SimSES: A holistic simulation framework for modeling and analyzing stationary energy storage
systems
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Table 4
Redox-flow battery stack types in SimSES.

Acronym in SimSES Cell number Cell area (cm2) Based on experimental data of Model based on

CellDataStack5500W 40 2160 Appendix C [37–39]
DummyStack3000W 20 1000 N/A N/A
IndustrialStack1500W 18 551 Voltstorage GmbH [37,38]

range the nominal power of a stack is calculated. An overview of the
in SimSES implemented stacks is listed in Table 4. The name of the
stack includes its nominal power. In addition, some modifications of
the described stacks are included, which are up-scaled or simplified
versions that are not included in the list.

4.2.3. Pumps and pump control algorithm
The pump control algorithm used to control the flow rate or pres-

sure drop in the system is an important performance-determining factor
that affects the operating losses. Two different algorithms to choose
from are currently integrated: the constant and the stoichiometric flow
rate. It is assumed that the pumps always stop during stand-by to
reduce the operating losses. If flow rate V̇ or pressure drop Δp is given,
the other value is calculated via Eq. (6) from the specific hydraulic,
viscosity-corrected resistance Rhydraulic,specif ic and the viscosity 𝜇 of the
anolyte or catholyte.

𝛥p = V̇ ⋅ Rhydraulic,specif ic ⋅ 𝜇 (6)

If the pump is operating with a constant flow rate, it must be
ensured that the volume flow is sufficiently high so that the stack
module is supplied with enough reactants at any time of operation
(depending on SOC and I). This is checked by the control system
integrated in the electrochemical model.

For the stoichiometric flow rate algorithm V̇ is calculated according
to Eq. (7) via the stoichiometric factor 𝜈, the total concentration of the
active charge carriers in the electrolyte cact-car (for the implemented
Vanadium electrolyte it is 1.6 mol/l), the Faraday constant F, and the
still available concentration of reactants in the electrolyte, which is
described through the SOC for discharging and (SOC − 1) for charging.
If, for example, the RFB is charging at SOC 70%, reactants that can
be maximal charged in the Stack are 30% of the total concentration,
therefore value is 0.3.

V̇ = 𝜈 ⋅ I
F ⋅ cact-car ⋅ (SOC − 1)

for P >= 0

V̇ = 𝜈 ⋅ I
F ⋅ cact-car ⋅ SOC

for P < 0
(7)

The pump losses Ppump can be calculated with Δp, V̇, and the pump
efficiency 𝜂pump of a specific pump that can be selected in SimSES via
Eq. (8) [40].

Ppump =
V̇ ⋅ 𝛥p
𝜂pump

(8)

4.3. Hydrogen energy chain: Electrolyzer, storage, and fuel cell

Hydrogen as an energy carrier is supposed to be one of the major
contributors impacting future energy provision, storage, and distribu-
tion [41]. The abundance of chemically-bound hydrogen in the form
of water as well as its very high-energy density is compelling for
its deployment as an energy carrier for large-scale energy storage.
However, the efficiency of splitting water into its separate components
via electrochemical electrolysis and reverting the process through fuel
cells or combustion power plants is comparatively low, in striking
contrast to electrochemical storage like LIB [14,42]. As such, hydrogen
is thought to complement rather than to compete with LIB and RFB.
In order to understand the effects of a hydrogen-based energy chain
on a system level including its periphery, models for electrolyzers,
fuel cells, hydrogen storage, and its auxiliary components like pumps
and compressors are integrated as models within SimSES. Within this

Fig. 6. Package structure for hydrogen in SimSES includes four main components: a
hydrogen management system, an electrolyzer, a fuel cell, and a storage model.

section, implementations of the respective models are explained in
detail.

The hydrogen package structure is displayed in Fig. 6, consisting
of a Hydrogen Management System (HMS), an electrolyzer, a fuel cell,
and a 𝐻2 storage model. The HMS supervises the whole hydrogen chain
for valid ranges of temperature and SOC and reduces applied power
if necessary. The storage model could be a gas pipe with an assumed
infinite capacity or a hydrogen pressure tank with a predefined energy
capacity. Depending on the pressure of the gas within the storage tank,
the gas needs to be compressed to the desired pressure level. The
electrolyzer and fuel cell models are explained in detail in the following
sections. It is worth to mention that SimSES also allows a single-
direction hydrogen energy chain by neglecting either the electrolyzer or
the fuel cell component with special implementations. A summary of all
currently implemented models is given in Table 5. Due to the modular
structure of SimSES, additional models can be implemented in a future
release accordingly.

4.3.1. Electrolyzer
A water electrolyzer splits water with the use of electricity into

hydrogen and oxygen by passing ions through an electrolyte from one
electrode to the other. The pressure and temperature-dependent polar-
ization curve is based on the general equation of Nernst voltage 𝑈𝑛𝑒𝑟𝑛𝑠𝑡
as well as overpotentials represented by ohmic 𝜂ohm, activation 𝜂act , and
diffusion losses 𝜂dif f as shown in Eq. (9) [50]. In some implementations
mass transport and membrane permeation are also considered.

UT,EL = Unernst + 𝜂ohm + 𝜂act + 𝜂dif f (9)

Depending on the stack technology, e.g., alkaline or polymer elec-
trolyte membranes (PEM), the electrolyzer is operated at different pres-
sure and temperature levels, which is taken into consideration by
varying polarization curves for each technology [50]. As shown in
Fig. 7, the electrolyzer model is divided into its stack and corresponding
degradation models, pressure and thermal models as well as necessary
auxiliaries like a pump, water heater, and gas dryer. The electrical
auxiliary power is calculated according to the hydrogen and oxygen
generation pressures for the anode and cathode, as well as the stack
temperature. A water pump regulates the humidification of the elec-
trolyzer, whereas the generated hydrogen gas needs to be dried. These
auxiliary models calculate the necessary electrical power in order to
provide a temperature and mass equilibrium.
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Table 5
Overview of implemented electrolyzer, fuel cell and hydrogen storage models in SimSES.

Technology Acronym in SimSES Type Degradation effects Based on experimental data of Model based on

Electrolyzer PemElectrolyzerMultiDimAnalytic PEM Resistance increase,
Decrease of exchange current

Forschungszentrum Jülich [43–45]

PemElectrolyzer PEM N/A N/A [46]
AlkalineElectrolyzer Alkaline N/A Hydrogen Research Institute [47,48]

Fuel Cell PemFuelCell PEM N/A N/A [49]
JupiterFuelCell PEM N/A SFC Energy AG –

Hydrogen Storage PressureTank Pressure Tank N/A N/A –
SimplePipeline Pipeline N/A N/A –

Fig. 7. Package structure for electrolyzer in SimSES includes a stack, pressure, thermal
and degradation model as well as a pump and gas dryer.

Electrolyzer degradation is a field of ongoing research with con-
troversy over underlying mechanisms and influencing factors [51,52].
However, active operation time and applied current density seem to
be major impact factors for electrolyzer degradation. For instance, the
implemented degradation for the Polymer Electrolyte Membrane (PEM)
electrolyzer acquired from the work of Tjarks [43] is based on the
findings of Rakousky et al. [44,45] considering a resistance increase
and a decrease of the exchange current. Other implementations of
electrolyzers are a PEM variant without degradation effects based on
the work of Marangio et al. [46] and an alkaline version based on the
work of Hammoudi et al. [47] and Henao et al. [48].

4.3.2. Fuel cell
As an opposite to electrolyzers, fuel cells combine hydrogen and

oxygen to water while releasing usable energy in the form of elec-
tricity [42]. The terminal voltage is calculated by the Nernst voltage
subtracted by the voltages due to ohmic, activation, and diffusion losses
shown in Eq. (10).

UT,FC = Unernst − 𝜂ohm − 𝜂akt − 𝜂dif f (10)

The fuel cell package has a structure that is similar to the electrolyzer
package, with a stack, pressure, and thermal model. During operation,
the water handling especially for PEM fuel cells is crucial and handled
by water pumps. An implementation of a PEM fuel cell based on Feroldi
et al. [49] as well as a model for the Jupiter PEM fuel cell of SFC Energy
AG11 including a thermal model is available in SimSES. However, the
implementation of adequate degradation models within SimSES is a
task for future action.

5. System periphery, management, and evaluation

Energy storage systems not only consist of the underlying storage
technology but also the periphery like power electronic components

11 https://www.efoy-pro.com/efoy-pro/efoy-jupiter-2-5/

and thermal behavior as well as an EMS. These elements are crucial
for evaluating energy storage systems as a whole. In order to provide
insights into the overall system behavior, SimSES not only models
the periphery and the EMS, it also provides in-depth technical and
economical analysis of the investigated ESS.

5.1. Power electronics

Besides the storage technology, the power electronic components
play a crucial role in terms of system efficiency. Depending on topol-
ogy and application, power electronics may contribute significantly to
the overall system losses [53]. Hence, SimSES has to consider these
electronic components for an accurate simulation of a storage system
like ACDC and DCDC converters. An overview of the implemented
models in SimSES is given in Table 6. Models of these converters
are represented by power and voltage-dependent efficiency curves. In
principle, the efficiency of a power electronics module is represented
by a given storage power 𝑃𝑆𝑡𝑜𝑟𝑎𝑔𝑒 and the rated power of the power
electronics component PRated as displayed in Eq. (11).

𝜂PE = f
(
PStorage,PRated

)
(11)

The power applied to the power electronic components is crucial
for simulating the efficiency. When considering storage systems, it is
possible that these systems do not fully deliver the requested power.
These situations occur, for example, if the storage is outside of its
temperature limits or the SOC is at its lower or upper limits. Hence,
the power is adjusted compared to the target power of the EMS, which
leads not only to non-fulfillment, but also to an altered efficiency.

5.2. Power control

Every power flow in an ESS has to be monitored and controlled. The
power flow is dependent on the application and system topology. In
SimSES, these two dependencies are handled separately with an EMS,
respectively, Power Distribution Strategies (PDS). The EMS defines the
target power for the ESS as a function of the application while the PDS
allocates the target power to the configured subsystems. These control
mechanisms are explained in detail in the following sections.

5.2.1. Energy management system
The EMS in an ESS is a system consisting of both hardware and

software that allows the user to monitor and control the energy flows
within an ESS. In SimSES, the function of the EMS is to calculate and
supply a target power value for each simulation timestep (Δt) based on
the selected operation strategy. This target power value can be depen-
dent or independent of previous system states as well as interfere with
various input profiles. In SimSES both stand-alone and stacked opera-
tion strategies can be simulated. Stacked operation strategies are sorted
according to their user-associated priority level. Consequently, the indi-
vidual stand-alone operating strategies are executed one after another
depending on their priority. Additionally, time-discrete serial stacking
is already available within SimSES. More complex multi-use strategies
can be integrated as stand-alone strategies. At present, a handful of

3 SimSES: A holistic simulation framework for modeling and analyzing stationary energy storage
systems
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Table 6
Overview of implemented ACDC and DCDC converter models in SimSES.

Converter type Acronym in SimSES Based on experimental data of Model based on

AC/DC FixEfficiencyAcDcConverter N/A N/A
NottonAcDcConverter N/A [54]
Sinamics120AcDcConverter Sinamics S120 [55]
BonfiglioliAcDcConverter Bonfiglioli RPS TL-4Q Datasheeta

SungrowAcDcConverter Sungrow SC 1000 TL Datasheetb

M2bAcDcConverter Stable Energy GmbH [56]

DC/DC FixEfficiencyDcDcConverter N/A N/A

ahttps://www.docsbonfiglioli.com.
bhttps://en.sungrowpower.com.

Fig. 8. Structure of the energy management system and overview of available operation
strategies and their categorization in SimSES.

operation strategies are implemented in SimSES. An overview of these
operation strategies and their categorization is depicted in Fig. 8.

The power follower strategy is a basic operation strategy which aims
to get the storage system operation to replicate a given power profile.
Similar to the aforementioned strategy, the SOC follower converts a
given SOC profile to a power profile and attempts to make the storage
system fulfill this calculated demand power at each timestep.

Based on the work of Zeh and Witzmann [57], two operation
strategies for residential SCI in combination with Photovoltaic (PV)
generation units have been implemented. The residential PV greedy
operation strategy charges the ESS as fast as possible without con-
sideration of the grid by meeting the residual load at all times. To
reduce the maximum grid load the residential PV feed in damp operation
strategy schedules the charging of the ESS according to a PV prediction.
It attempts to provide a constant charging power and aims for a fully
charged ESS at sundown.

Two strategies have currently been implemented for industrial con-
sumers. The simple Peak Shaving (PS) strategy works as follows. As
long as the target power is above a specified threshold, the additionally
required power is provided by the ESS. In addition, the ESS will
recharge itself if the power value is below the PS threshold [58] (used
in the case study in Section 6.1). In order to reduce calendar aging for
a lithium-ion based ESS, the PS perfect foresight strategy operates under
the assumption of perfect foresight for the load profile. The ESS will
only charge up to the energy that is required for the next load peak,
right before the occurrence of that load peak [59].

The EMS strategy for providing FCR implemented in SimSES is
based on the German regulatory framework [60,61]. The requested
charging and discharging power is proportional to the frequency de-
viation. Below 49.8 Hz or above 50.2 Hz the output power is set to
the prequalified power. Within the frequency dead band around 50 Hz
with +/-10 mHz the output power is set to 0 W. The degree of freedom
to exceed the output power by 20% is used, aiming to bring the SOC
back to a predefined SOC set-point. The IDM operation strategy charges

or discharges the ESS by trading energy on the electricity market, in
particular on the IDM, if the SOC falls below a predefined lower limit
or it exceeds an upper limit [62]. An example for a FCR and a IDM
stacked operation strategy is provided in Section 6.2.

5.2.2. Power distribution strategies
For complex storage system topologies, the power needs to be

distributed between the different subsystems of an ESS [63,64]. For this
purpose, several power distribution logics are implemented in SimSES.
These logics distribute the power to the corresponding storage systems,
for instance, based on the respective SOH or SOC. In SimSES, the ESS
is differentiated between an AC and DC storage system (see Section 3).
For each node of parallel connected AC systems as well as DC systems,
a power flow decision has to be made similar to Bauer [64]. Mühlbauer
et al. [63] as well as Bauer [64] define PDS as a simple problem of a
distribution factor 𝛼 as shown in Eq. (12).

Pi = Ptarget ⋅ 𝛼i, (12)

where Ptarget is the target power provided by the EMS, 𝛼i the power
distribution factor for system i, and Pi the corresponding power of
system i on condition that the sum of all 𝛼i equals one. In an optimal
case the PDS takes the current limitations of the underlying storage
technology for Pi into consideration in order to be able to fulfill the
requested power, e.g., temperature limitations could lead to lower
deliverable power. For each node, a PDS can be configured.

Mühlbauer et al. distinguish between static and dynamic categories
for PDS while Bauer has more subtle definitions for a dynamical
PDS approach with a fixed and variable sequence [63,64]. Bauer also
mentions a PDS as an optimization problem currently not considered in
SimSES. In the following, PDS implemented in SimSES are presented.

The most straightforward implementation of a PDS is an equal
distribution of the power to all storage systems. This is a static PDS
approach with a fixed power distribution factor. Other static PDS-
like distribution based on the ESS capacity can be easily added to
the PDS set of SimSES. In addition, a dynamic PDS is implemented
by differentiating between charge and discharge distribution factors
depending on the SOC of each system based on [63].

Due to the modularity of SimSES, multiple ESSs with different
storage technologies can be combined with a hybrid ESS, e.g., a LIB and
a RFB system. For this purpose, a novel PDS is introduced prioritizing
configured storage technologies by base and peak loads, respectively.
While the prioritized system stays within a defined SOC range, e.g., be-
tween 25 % and 75 %, it tries to fulfill the target power within its
power limits. If either the SOC or the power limit is exceeded, the
next highest prioritized system takes over. If the power target is not
completely allocated, a second loop distributes the power independent
from the defined SOC range. In addition, the logic balances the SOC of
the configured ESS if one or more systems are outside of the defined
SOC range while other systems are within those ranges. The algorithm
also allows a two or one way balancing, e.g., if only the peak load
system should be balanced by the base load system (used in the case
studies in Section 6).

39



Journal of Energy Storage 49 (2022) 103743

10

M. Möller et al.

5.3. Thermal modeling

Performance, efficiency, and aging of all aforementioned storage
processes depend not only on charge and discharge currents, but are
also highly sensitive to thermal conditions. While for some small-
scale storage realizations (e.g., residential battery storage) modeling
electricity flows in a fixed temperature setting might be a solution of
choice with sufficient accuracy for techno-economic simulations [65],
larger storage systems along with investigations about storage effi-
ciency particularly require detailed thermal models [53]. Utility-scale
LIB stationary ESS are often designed as free-standing systems, which
are installed outdoors and exposed to the environment. The use of
standard shipping containers to install entire energy storage systems is
the preferred option in the industry today to shield sensitive electric
components from adverse environmental conditions. The benefits of
such a configuration include modularity, scalability, ease of logistics,
conformance with road-transport regulations, and the ability to plan
and optimize land usage. Such containers are also specially fitted out
with insulation to limit heat flow to/from the environment, and to
present a stable operation temperature to the components inside.

Heat is generated in LIBs due to internal resistance to the passage
of current during operation. Lithium-ion cell technology is particularly
vulnerable to adverse changes in cell temperatures, and degrade faster
when operated outside of their optimal temperature ranges. In particu-
lar, degradation may result from accelerated kinetics for unwanted side
reactions at elevated temperatures resulting in a loss of capacity and an
increase in the internal resistance. If the generated heat is not rejected
to the environment at a rate greater than the rate of heat generation,
overheating and—in extreme cases—a thermal runaway may occur. In
contrast, for applications with relatively lower current rates (alike most
stationary storage use cases), air cooling systems are deemed adequate
to aid the heat rejection process to maintain the cell temperatures
within the stipulated ranges. It is worth to mention in this context,
that in the absence of cooling systems, the capabilities of the cells are
severely limited, and under-utilized [66].

In summary, thermal modeling of energy storage systems is a crucial
step of the system design process, especially due to the following
factors:

• temperature-dependence of the energy conversion efficiency of
LIB (dependent on the internal resistance) [67] and other storage
technologies,

• temperature-dependence of the degradation mechanisms [68,69],
• dependence of the round-trip efficiency on the energy consump-

tion of auxiliary components, such as the HVAC system [55]
and

• operational hazards under extreme temperatures which are too
low, or too high [70].

Thermal modeling in SimSES follows a zero-dimensional lumped-
capacity approach, and consists of a number of component packages
which run in tandem to emulate the thermal behavior of a system under
the specified operating conditions. Zero-dimensional lumped-capacity
approaches are widely used in the reviewed literature and found to be
suitable for system models [55,71]. Each of these packages and their
core features are presented in this section, along with how they fit
into the larger picture within SimSES and its architecture. The thermal
model and its associated components function at the AC storage system
level in SimSES. SimSES currently supports a container-based housing
solution with an air cooling system for LIB stationary ESS. An overview
of these packages and their interplay is seen in Fig. 9.

5.3.1. Ambient thermal model
The primary function of the ambient thermal model is to account for

the predominant environmental effects that play a role in the thermal
behavior of the ESS. The ambient thermal model currently consists

Fig. 9. SimSES is thermally interconnected with the thermal nodes of ambient air Taa,
wall Tw, inner air Tia, and storage technology TST. The temperature conjunction of
TACDC and TDCDC can be switched off. The HVAC system controls Tia of the storage
system.

of an ambient temperature which supplies a value of ambient air
temperature Taa for each simulation timestep Δt at time t. The ambient
temperature is available in two variants: a constant temperature model,
which supplies a user-specified Taa for each timestep, and a location-
specific model, which, depending on the time of day and year, supplies
a value of Taa based on recorded temperature time-series data. The
ambient temperature datasets currently present in SimSES have been
generated with the help of the publicly available simulation tool gree-
nius, developed by the German Aerospace Center (DLR) [72]. A solar
irradiation model is also envisioned for a future release of SimSES as an
extension of the ambient thermal model in order to be able to supply
values of incident solar irradiation at a given location at time t to allow
for better estimation of the heat load on an ESS. The ambient thermal
model is understandably applicable to all AC storage system instances
present in a given BESS configuration.

5.3.2. Housing model
The housing model emulates the physical attributes of the specified

housing type. SimSES currently supports system simulations with a
standard 20 foot shipping container as the housing. The walls are
modeled with three layers of materials, including an insulating layer
of Polyurethane (PU) between the outer and inner metal layers. The
geometrical dimensions and physical and thermal properties of the
walls of the shipping container can be adapted to suit any desired
variant. The modular and extendable structure of SimSES ensures that
the choice is not limited to the presently implemented model, but rather
allows for other housing types or installation conditions to be modeled
and included in simulations.

5.3.3. Heating, ventilation and air conditioning model
As the temperature inside the housing is to be maintained within

a stipulated range to ensure safe and optimal operating conditions, a
HVAC unit is necessary to correct temperature deviations. SimSES also
supports inclusion and modeling of HVAC systems. Two basic HVAC
models are currently implemented: one, which uses the internal air
temperature Tia deviation from its user-specified set-point to roughly es-
timate the amount of thermal power required to counter this deviation,
and the other, which employs a Proportional-Integral-Derivative (PID)
controller logic to arrive at a value of thermal power to counteract the
deviation in Tia from its set-point. The corresponding electrical power
consumption Pelectrical of the HVAC, which is related to the thermal
power Phvac by the Coefficient of Performance (COP) (see Eq. (13)),
is logged in the state of the AC storage system, and influences the
round-trip efficiency of the ESS.

Pelectrical =
Phvac
COP

(13)

5.3.4. System thermal model
The system thermal model is central to the thermal modeling pro-

cess in SimSES, in that it emulates the physical phenomenon of heat
transfer among the components of the ESS and its environment, as well
as integrates the functioning of all aforementioned components. The

3 SimSES: A holistic simulation framework for modeling and analyzing stationary energy storage
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system thermal model estimates the temperatures of all components
of interest after each simulation timestep Δt, based on the various
heat loads—both external and internal—that the ESS is subjected to.
Each instance of AC storage system has its own system thermal model,
and captures the thermal behavior of all components present in each
AC storage system. The analysis applies the zero-dimensional lumped
capacity approach, and the central assumption is that all the com-
ponents are treated as lumped isotropic homogeneous objects with
heat capacities and heat transfer coefficients. The internal air in the
container is assumed to possess a uniform temperature throughout its
volume, and flows are not considered. The temperatures of the storage
technologies influence important parameters such as efficiency and
voltage, as well as the rate at which they degrade. The component
models used in SimSES, which are explained in the subsequent sections,
take these temperature variations into account.

The system thermal model solves a system of first-order coupled
differential equations to obtain the temperatures of the storage tech-
nologies, the internal air, and components such as the ACDC converter,
if they are present within the same housing. This list of components,
whose temperatures are of interest, can be expanded as required owing
to the modular structure of the system thermal model. As the tempera-
tures at the start of each timestep Δt are known, and the temperatures
at the end of each timestep are of interest, an initial value problem can
be formulated.

Within each DC storage system, for each instance of storage tech-
nology i with a mass mst and specific heat cstp , a differential equation
capturing the variation in its temperature TST under the combined
effects of natural convection with the internal air (ia) Pst−iaconv and the heat
generation within itself on account of energy conversion losses Pstloss can
be formulated (see Fig. 9). For an AC storage system with a total of n
storage technology instances within its DC storage systems, a total of n
differential equations based on Eq. (14) can be formulated.

mst,i ⋅ cst,ip ⋅
dTst,i

dt
= Pst,iloss − Pst,i−iaconv

(14)

Similarly, a heat balance equation with a form similar to Eq. (14)
can be formulated for other components such as the ACDC converter,
which also introduce heat into the housing due to the energy conversion
losses (see Fig. 9).

For the internal air with a mass mia and specific heat ciap , a heat
balance can also be formulated to determine the variation in its tem-
perature Tia. The heat balance outlines its interaction via natural con-
vection with each storage technology Pst−iaconv , other components such as
the ACDC converter (if present) Pacdc−iaconv , and the innermost layer (il) of
the housing walls Pil−iaconv . The thermal power of the HVAC Phvac is also
accounted for in this balance (see Eq. (15)).

mia ⋅ cp,ia ⋅
dTia
dt

= 𝛴Pst,i−iaconv + Pacdc−iaconv − Phvac − Pia−ilconv (15)

The innermost layer of the housing walls, in addition to the convec-
tive heat transfer with the internal air, also exchanges heat with the
insulation layer adjacent to it via heat conduction, and a heat balance
equation can be written.

The insulation layer interacts with both the innermost and outer
layers via heat conduction, and a corresponding heat balance equation
can be drafted as well. The outer layer exchanges heat with the adjacent
insulation layer via conduction, and interacts with the ambient air via
natural convection. The outer layer is also subjected to a heat load due
to the direct and diffuse solar irradiation incident on its surfaces. A heat
balance for the outer layer can be applied by taking into account the
heat loads due to the incident solar irradiation, the conduction through
the layers, and the natural convection with the ambient air.

Depending on the chosen simulation timestep Δt, the heat balance
equations for all considered components are then solved simultaneously
at least once, or in the case of very large Δt, the system of equations
is solved multiple times in an attempt to obtain a greater degree of
accuracy. The solution of this system of equations yields the values

of the temperatures at the end of each simulation timestep, which
influence the component models.

In case simpler simulations are to be conducted, the thermal model
can also be disabled, in which case the storage technologies experience
a constant (user-defined) ambient temperature, and the temperatures of
the storage technologies and other components are also set to remain at
this value and are not updated. SimSES currently only offers modeling
of thermal behavior for LIB. Augmentation of these capabilities for
other storage technologies is planned for future releases.

5.4. Analysis

Following the simulation of ESSs, an analysis of the simulation re-
sults is conducted automatically by SimSES providing Key Performance
Indicators (KPIs) and plots that allow the user to gain insights of the
configured ESS. Furthermore, the analysis can be used to compare sim-
ulation results of different scenarios quantitatively and qualitatively.
While the Data subpackage provides relevant parsers and utility func-
tions for processing the time series of simulation results, the Evaluation
subpackage includes the actual methods for deriving the KPIs and
creating plots. Which evaluations should be performed, as well as
relevant input data (e.g., electricity prices and storage cost) can be
specified by the user. In the following, the technical evaluation and
economic evaluation will be explained in more detail.

5.4.1. Technical evaluation
Within the Technical Evaluation part of SimSES, technical KPIs are

determined on the system and storage technology level. Depending on
the storage technology used, the respective KPIs are exported at the
end of the analysis. Automatically generated plots give the user an
impression of the usage and performance of the simulated ESS like time
variance of AC and DC power, SOC and capacity. More advanced users
can also use the simulation results to calculate characteristic values
beyond the displayed KPIs. The technical evaluation’s KPIs on system,
lithium-ion, redox flow and hydrogen level are summarized in Table 7.
As an example, the calculation of two KPIs is shown below.

The Round-Trip Efficiency (RTE) is calculated on the system level
using Eq. (17) deviated from Eq. (16). To calculate the RTE, the
discharged energy (Eout) is divided by the charged energy (Ein), from
which the change of energy by SOC rise or decrease (𝛥E) is subtracted.
For simulations over a longer period of time, the efficiency influence
on the SOC change can be neglected because charged and discharged
energy are substantially larger than the change in energy between the
start and end SOC of the simulation. For shorter simulation periods,
the influence of efficiency on the SOC change must be considered. For
this purpose, the SOC change is divided by the root of the efficiency,
since, for example, the additionally charged energy at SOC increase has
already passed through the power electronics in one direction and was
thus influenced by the efficiency. A symmetrical efficiency for charge
and discharge is assumed here.

𝜂RTE =
Eout

Ein −
𝛥E√
𝜂RTE

(16)

with 𝛥E = SOClast ⋅ Elast − SOCinitial ⋅ Einitial. Solving Eq. (16) for 𝜂RTE
leads to:

𝜂RTE =
Eout
Ein

+
𝛥E2 + 𝛥E

√
4EoutEin + 𝛥E2

2E2
in

(17)

Another KPI calculated in the technical analysis is the remaining
energy content (erem) as a percentage of the initial energy (Eq. (18)).
For this, the current energy (Eact) is divided by the initial energy (Enom).

erem =
Eact
Enom

(18)
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Table 7
Key Performance Indicators (KPIs) for technical evaluation and the level at which they are calculated. Crosses indicate for which level the respective KPI is calculated.

Selected key performance indicators (KPI) System Lithium-ion Redox flow Hydrogen

Round-trip efficiency (%) x x x x
Mean state of charge (%) x x x x
Number of changes of signs per day (#) x x x x
Avg. length of resting times (min) x x x x
Pos. energy between changes of sign (% of capacity) x x x x
Avg. fulfillment factor (%) x x x x
Remaining capacity (%) x x x x
Energy throughput (kWh) x x x x
Mean power electronics efficiency (%) x
Equivalent full cycles (#) x x
Depth of discharges (%) x x
Coulomb efficiency (%) x
State of health (%) x
Energy for heating of water (kWh) x
Energy for compression of hydrogen produced (kWh) x
Total mass of hydrogen (kg) x

5.4.2. Economic evaluation
The economic evaluation of SimSES allows assessing the overall

profitability of an energy storage project through economic KPIs. These
KPIs include the net present value (NPV), internal rate of return,
profitability index, return on investment, and levelized cost of storage.
Eq. (19) shows the calculation of the NPV as it is performed in SimSES.

NPV = −I0 +
N∑
n=1

CFn
(1 + i)n

(19)

I0 denotes the initial investment cost, i the discount rate, CF the
cashflow, and n and N the current and total number of project years,
respectively. All parameters apart from the cashflow are derived from
the settings in the Configuration File. The cashflow itself is calculated
from the time series of logged simulation results. Depending on the
selected operation strategy, the cashflows of multiple revenue streams
(CFn,r) may be added to obtain the cashflow for a single project year
(CFn), as shown in Eq. (20).

CFn = −OMn +
∑
r∈R

CFn,r (20)

Here, R denotes the set of applicable revenues streams r for the
selected operation strategy and OM the operation and maintenance
cost. Table 8 shows the matching of revenue streams and operation
strategies, while the following list provides brief descriptions for all cur-
rently implemented revenue streams. For stacked operation strategies,
such as FCR paired with IDM, all respective revenue streams will be
considered in Eq. (20).

• Energy Cost Reduction (ECR): Reduction of energy-based electricity
costs, caused, for example, by increased self-consumption of PV-
generated electricity. This is calculated based on the total site load
for both with and without the BESS, the electricity purchase price,
and the electricity sales price or feed-in tariff.

• Demand Charge Reduction (DCR): Savings generated by a reduc-
tion in demand charges, calculated based on the maximum site
load with and without the BESS, the applicable billing period, and
the demand charge price per unit of power.

• Frequency Containment Reserve (FCR): Revenue that is generated
by participating in the FCR market, calculated based on the
system’s nominal power, the FCR price, and the power allocated
to the FCR market.

• Spot Market Trading (SMT): Revenue that is generated through
spot market trading, based on the amount of energy traded and
the specified time series of prices.

6. Case studies

The following section will focus on SimSES from a user perspective.
Compared to other solutions and tools in the field of energy system
simulation, SimSES provides detailed modeling of ESS and applications
on a system level during the full investment period. Both the technical
properties of different storage technologies and the economic modeling
of the components and systems are mapped in detail.

In order to clarify the implementation and adaptability of the tool,
two applications are discussed. First, Peak Shaving (PS) for an industrial
application comparing a different set of storage technologies—LIB,
RFB, and a hybrid system of both technologies. Second, Frequency
Containment Reserve (FCR) including an Intraday Continuous Market
(IDM) by considering various system topologies are discussed. The
underlying system costs are discussed in Appendix D. These case studies
can be downloaded and executed as described in Appendix E.

6.1. Case study 1: Peak shaving application

A commonly used application for ESS is Peak Shaving (PS). The
tariff model with separate energy- and power-related prices plays an
important role here. The PS application aims to cut high power de-
mands from the distribution grid. Since the highest power peak per
billing period (usually monthly or annually) is multiplied by the power-
related price, it can be economical favorable to cap high demand peaks
by using an ESS to provide the necessary power and energy [9].

In this case study, three different storage systems are simulated: a
LIB system with 150 kWh, a RFB system with 200 kWh, and a hybrid
system with 10 kWh LIB capacity and 180 kWh RFB capacity. More
detail on the system configuration chosen for this case study is given
in Fig. 10. When investing in a system the user may be interested in
deciding upfront which of the three configurations will provide the best
economic solution. All systems are dimensioned to provide the peak
shaving power even after 20 years, including capacity degradation. In
addition, the restriction of a usable SOC range of RFB systems from
20% to 80% is considered [36]. The power electronics is dimensioned
with 40 kW rated power. The Sony LFP cell technology for LIB and
a scaled CellDataStack5550W model (cf. Table 4) as an all-Vanadium
RFB system is considered. The assumed system costs for the economic
evaluation are provided in Table D.11. As a revenue for reducing the
power peak a fixed price of 100 EUR/kW in a yearly billing period is
assumed. As an input power profile for the PS application, the Cluster
1 PS power profile from Kucevic et al. [73] is used and scaled to an
annual load of 347.55 MWh from which the peak power is reduced to
63.5 kW.

After the simulation has been executed, the analysis and evaluation
include both detailed technical and economic evaluations. An extract
of the evaluations and results can be seen in the following illustrations:

3 SimSES: A holistic simulation framework for modeling and analyzing stationary energy storage
systems
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Table 8
Matching of revenue streams and operation strategies for the cashflow calculation within the economic
evaluation.

ECR DCR FCR SMT

Residential PV Greedy x
Residential PV Feed in Damp x
Peak Shaving x x
Peak Shaving Perfect Foresight x x
Frequency Containment Reserve x
Intraday Continuous Market x

Fig. 10. Three different Energy Storage Systems (ESS) are investigated in the Peak
Shaving (PS) case study: (a) A hybrid ESS consisting of a DC-coupled LIB and
RFB system as well as single storage systems of (b) LIB and (c) RFB. All systems
are dimensioned for providing the PS power even after 20 years of operation. A
maximum Depth of Discharge (DOD) for RFB systems of 0.6 is considered. The
Power Distribution Strategies (PDS) for the hybrid system performs according to the
technology prioritization as described in Section 5.2.2. The DCDC converter is assumed
with a fixed efficiency of 98%.

Fig. 11 shows the characteristic curve of the power during the PS
application for the hybrid storage system. The residual power can be
seen with and without energy storage. It can be seen that the power
drawn from the grid does not exceed the value of the PS threshold as
was dictated by the operation strategy. Power demand values above
the PS threshold are provided by the respective storage unit. This
comes in line with charging and discharging power from the ESS and
a simultaneous change in the storage-lumped SOC. According to the
conditions set, recharging of the storage systems is executed only at
times such that the PS threshold is never exceeded. In addition, the
power distribution to the corresponding storage technologies of the
hybrid system can be seen. The RFB system is prioritized to provide
the bulk energy of the PS event while the LIB system covers high power
peaks, especially if the RFB systems power capabilities are exhausted.

The remaining capacity (SOH) of the ESS can be seen in Fig. 12. The
LIB capacity decreases to 70% during the 20-year simulation, while for
the hybrid system as well as for the RFB system the capacity remains
higher at 97% and 96%, respectively. Although the integrated degra-
dation models consider both the calendar and the cycle degradation, it
is noteworthy that the calendar degradation takes up the largest share
in this operation of PS application [59].

In Fig. 12 the difference of the system round-trip efficiency can be
observed. The LIB system demonstrates the highest efficiency with 88%,
followed by the hybrid system with 68% and the RFB system with
62%. The energy losses of the RFB storage compartments are higher
compared to LIB, attributed to a comparably low Coulomb efficiency
and additional energy needed for electrolyte pumps.

In addition to the technical evaluation, SimSES also provides a
comprehensive economic analysis of the simulated time series. In order

Fig. 11. Peak Shaving (PS) application on a hybrid Energy Storage System (ESS). (a)
Residual load with and without the PS application with the delivered AC power of the
installed ESS as well as the power distribution between the two DC-coupled storage
systems. (b) State of Charge (SOC) development of the hybrid ESS. LIB systems takes
over if target power exceed RFB stack power or if the RFB system hits its SOC limits.

to show a metric for overall costs, an alternative NPV considering
capacity degradation as well is shown in Eq. (21), where cST represents
energy-specific costs of the storage technology and Cdeg the capacity
degradation.

NPVCD = NPV − cST ⋅ Cdeg (21)

Fig. 12 shows the overall costs of the ESS operated with baseline
cost set to 100% of the LIB system. For the evaluation of the system,
not only real tariff models but also the investment costs for the ESS
are integrated in the tool resulting in the NPV. In addition, the cost
of capacity degradation is added to the NPV in order to take not
only the system efficiency into account but also the capacity loss over
20 years (see Eq. (21)). It can be seen that the hybrid system is 5% more
cost effective while the RFB system has 81% higher overall costs. The
primary reason for these values are the cost of capacity degradation,
which is 51% of the overall costs for the LIB system although the
NPV for the LIB systems is lowest compared to the other systems.
In conclusion, a hybrid system can deliver an overall better solution
compared to single storage systems although only a small peak LIB ESS
is added to an RFB system, combining the benefits of both techniques,
i.e., a higher NPV compared to a single RFB system and a lower capacity
degradation compared to a single LIB system. However, with the input
parameters chosen herein, none of the three negative storage solutions
were able to justify an investment as all resulted in negative NPVCD
values. The overall economics of this case study could potentially be
improved if the ESS value generation was increased, e.g., by applying
multi-use operation and dispatching storage in PS idle times [4,74].
Additionally, results with hybrid storage systems could be improved
with optimization and machine learning techniques instead of applying
a rule-based algorithm [75,76].

6.2. Case study 2: Frequency containment reserve application

A widely used application of utility-scale ESS is participation in the
market for FCR. In this application, the ESS compensate for fluctuations
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Fig. 12. Economic analysis of the three different Energy Storage Systems (ESS) serving
the Peak Shaving (PS) application. (a) Comparison of remaining capacity and system
efficiency of all simulated ESS after 20 years. (b) Overall costs consisting of the NPV
and cost of capacity degradation using the LIB system as the baseline. The hybrid
system could decrease overall cost by 5%, whereas the RFB system increased the cost
by 81%.

between consumption and generation in the power grid by reacting ac-
cordingly to changes in the grid frequency. The regulations and degrees
of freedom for FCR application complying to German regulation criteria
are taken into account and are described in detail in [4,8,62,73]. In
this operation strategy of SimSES the SOC stabilization of the ESS is
achieved by support of IDM. FCR and IDM are each basic operation
strategies running in a stacked operation. For the simulation a grid
frequency profile of 2014 is used to account for the provided stabilizing
power [77]. It is assumed that the provided power of 1 MW does not
affect the integrated network frequency.

In this case study, three different ESS topologies are simulated (cf.
Fig. 13), each with a Sony LFP cell technology providing a capacity
of 1.6 MWh and a grid-connection power of 1.6 MW. First, a simple
direct approach of connecting a LIB to a grid-connected ACDC converter
is investigated. Second, eight parallel DC-coupled systems with a LIB
capacity of 0.2 MWh each are simulated. Third, eight parallel connected
ACDC converters with a nominal power of 0.2 MW each are activated in
a cascaded approach promising a higher efficiency [78]. The assumed
system costs for the economic evaluation are provided in Table D.12.
The revenue of FCR12 is taken as a fixed price of 0.2 EUR per kW and
day and the IDM13 price is fixed to 0.04 EUR/kWh, corresponding to a
price level of 2020.

The results of the 20-year simulations are displayed in Fig. 14.
The cascaded ACDC converter approach shows the best efficiency with
92% compared to the direct approach with 78% and the least efficient
topology with DC-coupled systems of 63%. FCR is an application with a
high partial-load frequency below 30% of nominal power [55]. Hence,
the cascaded ACDC converter are either under a high load compared
to their nominal power or deactivated, leading to a higher overall
efficiency compared to the direct system. The DC-coupled system shows
an overproportional efficiency decrease compared to the direct system.
The systems of the DC-coupled ESS are activated similar to the cascade
of ACDC converter: one system is ramped up to full power before the
second system is activated. Due to relatively high currents in addition
to the losses of the DCDC converter, the DC-coupled system shows
a comparatively low efficiency. This result suggests that the chosen
PDS is inappropriate in terms of efficiency for a FCR application with
the given system for the DC-coupled system. Comparing the remaining
capacity of the three investigated systems, no large difference can be
observed, with a remaining capacity of each system after 20 years of
around 80%. One target of the chosen PDS for the DC-coupled system

12 Prices for the German FCR market can be found at https://www.
regelleistung.net.

13 Prices for the European spot market can be found at https://www.
epexspot.com.

Fig. 13. Three different ESS topologies are investigated in the FCR case study, all
with a LIB system of 1.6 MWh and an ACDC connection to the grid of 1.6 MW. The
ACDC converter model is the NottonAcDcConverter (cf. Table 6). (a) A direct-coupled
ESS with one ACDC converter. (b) Eight parallel DC-coupled systems with an assumed
fixed DCDC efficiency of 98%. (c) Eight parallel connected ACDC converter with a
cascaded activation: The first ACDC converter drives to its nominal power of 0.2 MW
before the second ACDC converter is activated.

was to reduce the capacity degradation by cycling a few systems more
often than other systems in order to get an overall better degrada-
tion behavior. However, it can be observed that the chosen strategy
shows no improvement in terms of the degradation behavior for this
application compared to the other systems.

Analyzing the economics, the high efficiency advantage of the cas-
caded system could be transferred to a slight monetary improvement
compared to the other systems. The cascaded system shows a 4%
increase of the NPV compared to the direct system. The DC-coupled
system falls behind with a lower NPV of 5% in comparison to the direct
system (cf. Fig. 14). This could be explained with IDM recharging cost
over the simulation time period since the FCR revenue is the same for
all investigated systems (cf. Table 9).

First, the IDM transaction costs are comparatively low: The direct
system accounts for 36 kEUR, the DC-coupled system for 64 kEUR
and the cascaded system for 14 kEUR, accumulated after 20 years of
operation. In comparison, the FCR revenue compensates for around
1,218 kEUR. Second, the low efficiency of the DC-coupled system re-
sults in 231 MWh energy sold on the IDM whereas the direct system and
the cascaded system could sell 347 MWh and 494 MWh, respectively.
This is also reflected in the numbers of bought energy: the DC-coupled
system had to buy most energy with 1,829 MWh while the cascaded
system had to buy 851 MWh. Although large differences in terms of
efficiency exist compared to the direct system (+14% for the cascaded
system and -15% for the DC-coupled system) this could only be trans-
lated into a 4% increase of the NPV, respectively to a 5% decrease. The
economic result of more efficient ESS could be improved by reducing
the storage capacity and improving the IDM operation strategy. In
conclusion, all three systems have a positive NPV, likely leading to a
positive investment decision.

With these case studies a high variety of topologies as well as
technology combinations could be investigated. Parameter variations,
e.g., for the investment costs or sizing of individual components can
easily be made by the user when adapting according initialization files
of the case studies available as presented in Appendix E.

7. Conclusion and outlook

Within this work, the simulation and analysis tool for energy storage
systems SimSES is presented. SimSES provides a library of state-of-
the-art energy storage models by combining modularity of multiple
topologies as well as the periphery of an ESS. This paper summarizes
the structure as well as the capabilities of SimSES. Storage technology

3 SimSES: A holistic simulation framework for modeling and analyzing stationary energy storage
systems
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Table 9
Overview of the IDM transaction costs for all three investigated ESS.

System IDM transaction costs/EUR Energy bought/MWh Energy sold/MWh

Direct 35,772 1242 347
DC-coupled 63,894 1829 231
Cascaded 14,280 851 494

Fig. 14. Technical and economical analysis of the three different Energy Storage
Systems (ESS) serving the Frequency Containment Reserve (FCR) application. (a)
Comparison of remaining capacity after 20 years and system efficiency of all simulated
ESSs. (b) Economic value consisting of the NPV using the direct system as baseline.

models based on current research for lithium-ion batteries, redox flow
batteries, as well as hydrogen storage-based electrolysis and fuel cell
are presented in detail. In addition, thermal models and their corre-
sponding HVAC systems, housing, and ambient models are depicted.
Power electronics are represented with ACDC and DCDC converters
mapping the main losses of power electronics within a storage sys-
tem. Additionally, auxiliary components like pumps, compressors, and
HVAC are considered. Standard use cases like peak shaving, residen-
tial storage, and control reserve power provisions through dispatch
of storage are discussed in this work, with the possibility to stack
these applications in a multi-use scenario. The analysis is provided by
technical and economic evaluations illustrated by KPIs.

SimSES’ capabilities are demonstrated through the discussion of
two case studies mapped to the applications of peak shaving and
frequency containment reserve, respectively. It is demonstrated how
different energy storage system topologies as well as various perfor-
mance indicators can be investigated and analyzed with SimSES. For
the specific cases discussed, the results underline that hybrid storage
systems can lead in terms of overall cost and degradation behavior to
a beneficial economic results. Special ESS topologies like the cascaded
ACDC converter approach can lead to a substantial increase in system
efficiency for the FCR application, although the economic benefits are
comparatively low.

In the future, more detailed performance and aging models for all
types of storage systems will be implemented. This will allow a more
detailed cross-technology comparison. For instance, models for bidirec-
tional thermal storage system could be implemented in future versions.
Further operating strategies matching internationally renowned and
national derivatives of application scenarios could also be investigated.
This may allow assessing the value of storage deployment across dif-
ferent regions and convince internationally active investors to reveal
best investment scenarios worldwide. SimSES has interfaces that can
be easily integrated into physically derived and more accurate storage
models as well as grid modeling and system analysis tools. While
selected validation experiments have already been executed, the au-
thors encourage others in the research community to conduct hardware
validation experiments at their sites and contribute to the presented
tool. The authors envision interlinking SimSES to the vast selection of
open-source tools in order to expand on the value chain that storage
simulations are capable of covering, e.g., SimSES is already a part of

the openMOD14 initiative. SimSES is open-source available, and the
authors encourage users and developers to join in and assist in its
further development.
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Appendix A. Open circuit voltage curve fitting

The OCV for LIBs (see Section 4.1) is dependent on the cell type.
The OCV data for all currently implemented cell types have been
measured at the Institute for Electrical Energy Storage Technology at
the Technical University of Munich. To improve the performance, the
look-up tables of the voltage values are replaced with a mathematical
function. These curve-fitting functions are based on the work of Weng
et al. [79]. The parameters of this function for the OCV are estimated
using the MATLAB® global optimization toolbox. Fig. A.15 shows the
OCV in V for the measured data as well as the curve-fitted data and the
difference between those in mV.

14 https://openmod-initiative.org/
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Table B.10
Physical parameters for modeling of thermal behavior of lithium-ion batteries (LIBs).

Manufacturer
model

Mass
(g)

Dimensions
(mm)

Specific
heat
(Jkg−1K−1)

Convection
coefficient
(Wm−2K−1)

Source

Sony
US26650FTC1

70 dia: 26
len: 65

1001 15 [55,80–89]

Panasonic
NCR18650PD

44 dia: 18
len: 65

1048 15 [88–90]

E-One Moli
Energy
IHR18650A

45 dia: 18
len: 65

965 15 [83,86,89,91–94]

Sanyo
UR18650E

46 dia: 18
len: 65

965 15 [83,86,89,92–95]

Fig. A.15. Open Circuit Voltage (OCV) curve fitting for the MolicelNMC lithium-ion
battery (LIB). The figure shows the OCV in V for the measured data as well as the
curve-fitted data and the difference between those in mV.

Appendix B. Thermal parameters

The geometrical and thermal parameters used for modeling the
thermal behavior of LIBs are presented in Table B.10. Geometrical
parameters such as the dimensions and the weight are obtained from
datasheets of the cells. The thermal properties, such as the specific
heat capacity for each cell type, are determined from the literature
for each cell chemistry, and averaged over several values found in the
literature. The value of the convection coefficient is known with the
least accuracy, and a value of 15 Wm−2K−1 is selected as a ‘‘reasonable’’
value lying between typical values for purely natural convection and
forced convection. This is assumed to emulate slow intermittent motion
of air around the cells. It is expected that availability of better data in
the future will increase the accuracy of the modeling process.

Appendix C. Stack data for a redox flow battery

The parameters are based on single-cell measurements carried out
at ZAE Bayern of a cell with a technical representative cell area of
2160 cm2. To obtain parameters for a stack, the measured values were
scaled up with a number of 40 cells. Fig. C.16 shows the data of the
internal resistance of the 40-cell stack for charge and discharge. The
internal resistance is determined by applying a constant current and
measuring the resulting change of voltage. The cell was operating in
Vanadium electrolyte (1.6 mol/l V solved in 2 mol/l H2SO4) from GfE
(Gesellschaft für Elektrometallurgie mbH). Temperature and flow rate
were controlled during the procedure. The SOC was determined with
an OCV-cell. Due to the relatively high ohmic resistance of the cell and
the low possible operation current density (up to approx. 50 mA∕cm2),
the cell resistance shows no significant current dependency. The cell

Fig. C.16. Charge and discharge resistance of a stack for a redox flow battery (cell area
= 2160 cm2) dependent on State of Charge (SOC) and temperature (T). The single-cell
measurements were scaled up to a stack resistance with a cell number of 40.

resistance Rcell was scaled up with the number of cells ncell to receive
the stack resistance Rstack (Rstack = ncell ⋅ Rcell).

Appendix D. Economics for case studies

Assumptions for economical analysis of the case studies are based
on Tsiropoulos et al. Minke et al. Figgener et al. and Mongird et al. [96–
99]. Challenges for determining energy-specific costs for ESS occur
due to a wide range of technology costs as well as various system
sizes and designs. In order to distinguish between power and energy
system design, Tsiropoulos et al. takes the EPR as an indicator: If
EPR is above one, the authors talk about an energy-driven design,
otherwise about power-driven design [96]. In addition, it is not always
clearly stated which costs for a system design are included, e.g., power
electronics, housing, and grid connection [96,98]. For instance, utility
scale system costs for LIB in 2017 ranged between 300 EUR/kWh
and 1200 EUR/kWh with an average around 570 EUR/kWh [96].
Figgener et al. depicted a similar range for 2018 [98] as well as one
reported system for 2019 with an EPR of 1 h and system costs of
around 900 EUR/kWh. However, LIB systems with an EPR of 0.125 h
show lowest cost with 300 EUR/kWh and costs increase with rising
EPR [96]. Mongird et al. have presented system costs for LIB system
with an EPR larger than 1 h with falling costs [99]. Interestingly, the
system costs of [99] show a lower average system cost price than
those of [96,98] representing European costs’ levels (a USD to EUR
conversion of 0.82 is assumed). In contrast, a broad cost database does
not exist for RFB systems. However, Minke et al. investigated various
RFB projects from 2004 to 2017 by determining system prices for
different EPR, similar to Tsiropoulos et al. [97]. The authors also found
an even broader range of system costs for RFB from 155 EUR/kWh to
1738 EUR/kWh, especially due to different electrolytes, stack modules,
sizing, and system definition. RFB system costs decrease with a rising
EPR with average system costs of 717 EUR/kWh for an EPR of 2 h and
166 EUR/kWh for a ratio of 15 h. These findings are also in agreement
with the results of Mongird et al. [99].

For the following case studies, system cost curves depending on
EPR are assumed for LIB and RFB systems with the prices and ratios

3 SimSES: A holistic simulation framework for modeling and analyzing stationary energy storage
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Table D.11
Economics for Case Study 1.

Storage technology Power/kW Capacity/kWh EPR/h Specific system cost/EUR kWh−1 System cost/EUR Overall system cost/EUR

LIB 40 10 0.25 584 5,839
RFB 20 180 9.00 329 59,216 65,055

LIB only 40 150 3.75 367 55,089 55,089

RFB only 40 200 5.00 451 90,247 90,247

Table D.12
Economics for Case Study 2.

Storage technology Power/kW Capacity/kWh EPR/h Specific system cost/EUR kWh−1 System cost/EUR

LIB 1,600 1,600 1 473 756,800

Fig. D.17. System costs curves depending on EPR for LIB and RFB systems based
on [96,97,99].

given represented by regression curves in Eqs. (D.1) and (D.2). From
an EPR of 1 h up to 15 h, this cost curve has a realistic cost range
with decreasing cost over EPR. The system costs, however, have a high
uncertainty attached, as shown in the previous analysis. The used price
curves are shown in Fig. D.17. It is worth mentioning that the cost
assumptions for RFB systems are based on a usable SOC range of 20%
and 80%, which reduces the gross capacity configured by 40% [97].

cLIB = −80 ⋅ ln(EPR) + 473 and (D.1)

cRFB = −208 ⋅ ln(EPR) + 786, (D.2)

where c represents the energy specific costs of LIB, respectively RFB.
Using Eqs. (D.1) and (D.2) the system costs for the two case studies

discussed in Section 6 are calculated as provided in Tables D.11 and
D.12.

Appendix E. Availability of SimSES

SimSES is available as open source15 and is part of the open-source
simulation and optimization toolchain of the Institute for Electrical
Energy Storage Technology at the Technical University of Munich.16

A readme.md helps with the first steps in order to get SimSES running.
An installed Python environment is mandatory as well as the required
packages installed automatically if you run setup.py. With executing
main.py, a default configured simulation could be started directly. This
file offers also all necessary interfaces in order to connect it to other
simulation programs. The case studies presented within this paper are
conducted with the open-source release version 1.0.4.

For configuring a simulation, there are two important configuration
files: simulation.ini and analysis.ini. These configuration files are docu-
mented and offer all possible settings for setting up a simulation and the
consequent evaluation. These config files follow a pattern for a default
and local configuration. The default configuration inherits all possible
settings, in the local file: only the changed settings are necessary. This
allows a quick exchange of configuration settings between users.

15 https://gitlab.lrz.de/open-ees-ses/simses
16 http://www.simses.org

The Simulation package allows multiple simultaneous simulations,
which are also used for the presented case studies. In here, the con-
figurations and code could be found with the case study configs in
case_studies. In order to execute the case studies, the configuration needs
to be copied to the config location and renamed to simulation.local.ini.
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4 Standard battery energy storage system profiles:
Analysis of various applications for stationary energy
storage systems using a holistic simulation framework

Main research questions: Which applications are essential for storage systems for grid integration?
And which pattern do reference profiles have for these applications?

While in the automotive industry standard profiles are an established standard to compare the per-
formance and efficiency of competing vehicles, a similar comparative metric has not been proposed
for stationary BESSs. Missing standard profiles leads to difficulties in comparing the evaluation of
different applications for storage systems with respect to efficiency, long-term behavior, and profitabil-
ity. This publication presents a method to create these standard profiles. The results are available as
open-data for download and used in the further publications of this thesis.

Storage profiles including storage power and SOE are developed by using input profiles including
frequency data for several years, industry load profiles, and residential load profiles. Therefore, the
holistic simulation framework SimSES described in Chapter 3 is used. Various degrees of freedom for
the design of a BESS as well as the EMS are implemented, and the results are post-processed with a
profile analyzer tool in order to identify six key characteristics: FEC, efficiency, depth of cycles, resting
periods, number of changes of sign and energy throughput between changes of sign.

The three different applications, which are analyzed in detailed are implemented as follows: The EMS
for providing FCR in SimSES is developed according to the German regulatory framework and various
degrees of freedom. Two algorithms are implemented for a residential BESS in order to increase the
resident’s self-consumption. A two-step approach with a linear programming algorithm and SimSES
is applied for an industrial peak shaving BESS to minimize the maximum power peak value. This
publication can be summarized with three highlights:

• Standard BESSs profiles are determined and published as open-source data for the applications
self-consumption increase, industrial peak shaving, and FCR.

• Open-source simulation framework SimSES (cf. Chapter 3) is used to derive storage profiles from
input profiles and various system topologies.

• The six characteristics, which differ greatly depending on the BESS application, are essential for
evaluating various EMS for storage systems.

In the following chapters of this thesis, the six key characteristics developed in this publication are used
for comparison with self-developed EMSs. In particular the numbers for the peak shaving algorithm are
used to evaluate the EMSs for BESSs with the aim of avoiding grid reinforcement in Chapter 5 and 6.
This allows the novel approaches to be compared with a state-of-the-art peak shaving strategy and the
stress on the storage system can be discussed using the six key characteristics.
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A B S T R A C T   

Lithium-ion batteries are used for both stationary and mobile applications. While in the automotive industry 
standard profiles are used to compare the performance and efficiency of competing vehicles, a similar com-
parative metric has not been proposed for stationary battery energy storage systems. Because standard profiles 
are missing, the comparable evaluation of different applications with respect to efficiency, long-term behavior 
and profitability is very difficult or not possible at all. This work presents a method to create these standard 
profiles and the results are available as open data for download. Input profiles including frequency data, industry 
load profiles and household load profiles are transformed into storage profiles including storage power and state 
of charge using a holistic simulation framework. Various degrees of freedom for the energy management system 
as well as for the storage design are implemented and the results are post-processed with a profile analyzer tool 
in order to identify six key characteristics, these being: full-equivalent cycles, efficiency, depth of cycles, resting 
periods, number of changes of sign and energy throughput between changes of sign. All applications examined in 
this paper show unique characteristics which are essential for the design of the storage system. E.g., the numbers 
for annual full-equivalent cycles vary from 19 to 282 and the efficiency lies between 83% and 93%. With aid of 
this work in conjunction with the open data results, users can test and compare their own cell types, operation 
strategies and system topologies with those of the paper. Furthermore, the storage power profiles and state of 
charge data can be used as a reference for lifetime and profitability studies for stationary storage systems.   

1. Introduction 

A high share of renewable energies poses new challenges to the 
power grid. Due to decreasing costs of Lithium-Ion Battery (LIB), sta-
tionary Battery Energy Storage Systems (BESSs) are discussed as a vi-
able building block in this context. In Germany, the installed storage 
power with batteries increased from 126 MW in 2015 to over 700 MW 
in 2018 [1]. Many use cases seem to be of interest for BESSs, as sum-
marized in a report by Eyer and Corey [2]. In particular, the provision 
of Frequency Containment Reserve (FCR), Peak Shaving (PS) in the 
industry sector and Self-consumption Increase (SCI) in the private 
sector are seen as the most prominent applications for BESSs [3,4]. 
There seems to be consensus, that these applications are the main dri-
vers for the stationary battery storage market. However, if it comes to 

quantitative analyses of profitability, efficiency and aging of storage 
systems in a singular use case or even across applications, striking 
differences in numbers become apparent. In order to make single ap-
plications easier to compare, open-source available reference profiles 
for stationary BESS, similar to the widely used Worldwide Harmonized 
Light Vehicles Test Procedure (WLTP) for electric vehicles applications, 
are suggested herein and may help to assess the performance of BESSs. 

1.1. Literature review 

The state of the art of LIB based stationary BESSs is reviewed e.g. by 
Diouf et al. [5] and Hesse et al. [3]. Both conclude that LIB based 
stationary BESSs have advantages in different stationary applications 
compared to alternative technologies. A more general overview of 
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stationary storage systems, including other storage technologies, is 
given by Palizban and Kauhaniemi [6], Resch et al. [4] and Dunn 
et al. [7]. All authors highlight the high efficiency of LIB-based BESSs, 
but the numbers, due to different definitions, vary from less than 90% 
up to 94%. A systematic review of Energy Management System (EMS) 
for BESS was published by Weitzel and Glock [8]. The placement in 
distribution grids of stationary BESS is summarized in the review of Das 
et al. [9]. An example for optimized placement using simultaneous 
perturbation stochastic approximation method was published by Car-
pinelli et al. [10]. 

Regarding the provision of FCR with BESS, a number of papers have 
been published in the past. Specifically for several techno-economic 
evaluations different approaches exist [11–15]. Münderlein et al. [16] 
analyzed a large scale 5 MW and 5 MWh BESS in the FCR market. Apart 

from the fact that the focus of the individual authors is different, it is 
noticeable that many different numbers exist. For example the authors 
in [16] determined 147 Full Equivalent Cycles (FEC) per year, while the 
numbers of FECs in [13] varies from 207 to 254 per year. 

In the case of SCI, many publications with various objectives exist. 
The publications can be split into economic analyses [17–20] and sizing 
of the system [21–23]. All authors conclude that a BESS for SCI can be 
economically viable, if the Photovoltaic (PV) unit and the storage ca-
pacity are dimensioned correctly. However, a wide variety of input data 
and parameters for the storage system (e.g. the efficiency for the LIB 
varies from 95% in [21] to 98% in [20]) are used in the publications, 
which makes comparability difficult. 

For industry PS BESSs with LIB, fewer publications are available, in 
contrast to SCI BESSs. Martins et al. [24] present an approach for an 

List of Abbreviation 

AC Alternating Current 
BESS Battery Energy Storage System 
C Carbon-Graphite 
DC Direct Current 
DOC Depth of Cycle 
DOF Degrees of Freedom 
E-rate Energy Rate 
ECM Equivalent Circuit Model 
EMS Energy Management System 
FCR Frequency Containment Reserve 
FEC Full Equivalent Cycles 

IDM Intra-Day Market 
IP Input Profile 
LFP Lithium-Iron-Phosphate 
LIB Lithium-Ion Battery 
NMC Nickel-Manganese-Cobalt-Oxide 
OCV Open Circuit Voltage 
PE Power Electronics 
PER Power to energy ratio 
PS Peak Shaving 
PV Photovoltaic 
SCI Self-consumption Increase 
SimSES Simulation Tool for Stationary Energy Storage Systems 
SP Storage Profile   

Fig. 1. Graphical overview of this work. The input profiles including frequency data, industry load profiles and household load profiles are transformed into storage 
profiles including storage power and state of charge using the simulation framework SimSES. The selection of suitable reference profiles is done with a profile 
analyzer tool developed as part of this publication. 
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optimal component sizing and the authors also performed an economic 
analysis. They showed in a case study that the number of FEC varies 
between 1 and 51 per year. Dagdougui et al. [25] show an EMS for a 
real world example. They optimized the size of a PS BESS for a uni-
versity campus. It has been found that in this example the economically 
optimal storage capacity is 436 kWh. Telaretti and Dusonchet [26] 
concucted an economic analysis and compared the use of LIB in PS 
applications with three other electrochemical technologies: Lead-acid, 
flow based batteries and sodium-sulphur. 

Although each author makes different assumptions and sets the 
focus differently, the results, some of which are very diverse, indicate 
that open data available standards for stationary BESS are desired. 

1.2. Scope of this work 

This work presents a method to create standard Storage Profile (SP) 
including the storage power and the SOC from Input Profile (IP) in-
cluding frequency data, industry load profiles and household load 
profiles. The IPs are transformed into SPs by using the holistic simu-
lation framework Simulation Tool for Stationary Energy Storage 
Systems (SimSES). Various Degrees of Freedom (DOF) for the EMS and 
the system configuration are implemented in SimSES and the results are 
post-processed with a newly developed profile analyzer tool in order to 
identify some key characteristics, such as efficiency, FEC or Depth of 
Cycle (DOC). 

Fig. 1 shows the scope of this paper in detail. The simulation fra-
mework, as well as the results, including SPs and the SOCs, are made 
available as open-source. The results are available in one second re-
solution and may facilitate the comparison of the same applications 
among each other in the future. As an example, own system config-
urations or developed EMS can be compared with the numbers of this 
paper. Furthermore, the open-source available data can be used as a 
reference for lifetime and profitability studies for LIBs. 

1.3. Paper structure 

Section 2 gives an overview of the origin of the IPs and the pre- 
processing of the raw data sets. Section 3 describes the simulation tool 
SimSES with various DOFs and the developed EMS. In the remaining 
part of the paper, the SPs are analyzed (Section 4) and the choice of the 
reference profiles (Section 5) is described. Section 6 gives an outlook to 
future work and concludes this paper. 

2. Profile data and preparation 

In this chapter, the database of household load profiles, industry 
load profiles and frequency data is explained (Section 2.1). Herein, the 
data sources and time frames are described. The processing of this data 
is covered in Section 2.2. Subsequently, the normalization of the pro-
files is illustrated, which is required for comparison of data 
(Section 2.3). Finally, Section 2.4 covers the clustering of profiles. 

2.1. Data basis 

The creation of reference load and storage profiles demands a da-
tabase that is sufficiently detailed to represent the specific type of 
profile. As described in Section 1, this paper considers three different 

applications of storage systems: SCI in the private sector, PS in the in-
dustry sector and the provision of FCR. These three applications require 
specific data with specific resolution which is displayed in Table 1. 

Firstly, high resolution frequency data is required to investigate the 
storage application of FCR [27]. This one second resolution data for the 
years 2013 until 2017, that can be measured at every socket within the 
synchronous grid of Continental Europe, is provided by the transmis-
sion system operator 50hertz Transmission GmbH [27]. Exemplary data 
of the year 2017 is shown in Fig. A.12. 

The analysis of the performance of SCI requires household load 
profiles and photovoltaic generation profiles. Therefore, 74 load pro-
files published by the HTW Berlin are used [28]. Moreover, one pho-
tovoltaic profile measured at TU Munich which was already published 
in several previous papers [17,19,29] was used. These profiles also have 
a resolution of one second. To perform PS with a storage system, in-
dustry load profiles are needed. Therefore, 36 annual industry profiles 
with a resolution of 15 min are gathered within the EffSkalBatt pro-
ject2Frequency data, household load profiles and industry load profiles 
work as IPs for SimSES (see Fig. 1) which will be explained in Section 3. 

2.2. Data processing 

The gathered data of frequency, load and photovoltaic profiles is 
processed before using them within the simulations. The frequency data 
for performing FCR with a BESS contains some doubtful values 
( <  49 Hz or  >  51 Hz). All such values were replaced by linear 
interpolation of frequencies before and after. As the raw industry load 
profiles used for PS have a resolution of 15 min, this data is transformed 
into profiles with a resolution of one second. For this reason, the fol-
lowing procedure is applied to create second-based profiles: First, the 
15-min points are interpolated linearly to create points based on min-
utes. Then random numbers are build, which replace each interpolated 
value. Each random number lies within the coefficient of variation of 
0.25 of the normal distribution with a mean of the interpolated value. 
Afterwards, the minute-based values are interpolated linearly again to 
reach a second-based load profile. 

This procedure only estimates the high-resolution load profile. 
Possible load peaks that just appear for a few seconds are not taken into 
account. Those short peaks are crucial when regarding battery lifetime 
and safety [30,31]. Within the application of PS the presented proce-
dure to reach second-based load profiles is sufficient, as the storage 
system only has to provide the required energy when peaks appear as 
long as the storage’s power is sufficient. The required energy can also be 
extracted from the 15-min load profile. Moreover, the yearly industry 
load profiles are chopped to match a Monday to Sunday pattern. 

2.3. Normalization 

After the aforementioned data pre-processing, the industry profiles 
are normalized, which is necessary for a comparison of profiles. The 
industry profiles are normalized to their maximum value within the 
year. Thus, the maximal value of each profile is one and the minimal 

Table 1 
Storage applications, the data basis, the required data and the data resulution used in this work.      

Application: FCR SCI PS  

Database 5 years of Frequency Data 74 yearly load profiles & one PV generation profile 36 yearly industry load profiles 
Data resolution (raw data) 1 s 1 s 15 min 
Data resolution (simulation) 1 s 1 s 1 s 

2 EffSkalBatt Project: Efficient scalable system technology for stationary sto-
rage systems. Research project funded by the Federal Ministry for Economic 
Affairs and Energy (BMWi) with grant number 03ET6148 (http://www.ee-
s.ei.tum.de/en/research/effskalbatt/). 
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value is zero. This normalization method on each highest peak might 
differentiate profiles that are similar except for their highest peaks. If 
only those load profiles were compared, this method would not be 
appropriate. However, regarding the application of peak shaving, 
which concentrates on the highest peaks, those profiles are very dif-
ferent. With this method of normalization users can compare their own 
profiles with the published ones and add their profiles to the simula-
tion. The raw data of household load profiles is already normalized to 
each maximal value. 

2.4. Clustering 

Prior to the creation of reference profiles from the pre-processed 
data, a clustering of the different groups of profiles is considered. This is 
due to the fact that, for example, the industry profiles do not all have 
homogeneous curves. Thus, similar profiles are clustered into groups. 
The clustering is performed using the simulation platform MATLAB® 
and the clustering algorithm k-means with euclidean distances as 
measure of dissimilarity [32]. The k-means algorithm was chosen, as it 
appears to be the most prominent one when comparing electric load 
profiles [33–35]. Other possible clustering methods would have been 
the hierarchical clustering or self-organizing maps, as published in [36] 
and [37]. 

When comparing the household load profiles to each other, they 
appear very homogeneous. The average value of each yearly household 
load varies between 0.6% and 4.4% of its yearly maximum value. In 
addition, the mean absolute deviations of the profiles’ offsets lie be-
tween 0.8 and 3.6 percentage points. In contrast to that, the industry 
load profiles show bigger variations. The mean load of each profile lies 
between 30% and 75% of the profile’s yearly maximum. Thus, the in-
dustry profiles’ offsets are substantially higher than the households’ 
ones due to their increased base load. The industry loads’ mean absolute 
deviations vary between 0.8 and 23 percentage points. 

As a consequence, the industry load profiles are clustered into three 
different groups while the household load profiles remain in one group. 
The number of three is chosen because three is the best compromise 
between differentiation and effort. 

Cluster 1 and 3 have an average load of 70% to 80% during the day 
and a base load of 20 to 30% at night but are shifted by a few hours. 
During the weekend, Cluster 1 exhibits the typical nightly base load 
while the load of Cluster 3 only sees the base load on Saturdays. In 
comparison, Cluster 2 does not have a typical day vs. night load profile. 
During working days the load varies between 50% and 100% and on 
weekends between 35% and 70%. 

3. Simulation framework for stationary energy storage systems 

To generate battery profiles and SPs from the IPs in Section 2 the 
software SimSES was used. SimSES is a modular object-oriented simu-
lation tool, which was initiated by Naumann and Truong [38] and is 
now being further developed by the authors. The software allows the 
flexible usage of components, such as the power electronic or battery 
cell, of a BESS. The software code is programmed in MATLAB®, but will 
be converted to Python in the future and made available completely 
open-source. The current open-source version, including the simulation 
scripts for this publication and a link to the code of SimSES can be 
found online3. In this chapter the structure of SimSES (Section 3.1), the 
developed operation strategies (Sections 3.2–3.4) as well as the com-
ponents used (Section 3.5) will be described. 

3.1. Simulation structure 

In SimSES the battery is implemented as a single-cell Equivalent 

Circuit Model (ECM). The terminal voltage UT of each cell is calculated 
from the Open Circuit Voltage (OCV) and the voltage drop (over-
voltage) ΔU across the series resistance Ri, due to the current I (Eq. 1). 
The OCV is a function of the SOC. The series resistance Ri is dependent 
on the current direction sign sgn(I), the temperature T and the SOC. 

= =U U U U I·R (SOC, sgn(I), T)T OCV OCV i (1)  

The Power Electronics (PE) efficiency is modeled as a function 
which relies on the absolute output power |PStorage|, the rated power 
PRated and the current direction sgn(I) (Eq. 2). Fixed PE efficiency values 
or other functions, for example based on own investigations, can be 
modeled in SimSES as well. Beside the Direct Current (DC)/Alternating 
Current (AC) link, the PE can also include a transformer model. 

= f (|P |,P , sgn(I))SPE torage Rated (2)  

The core of SimSES is the EMS, which allows to simulate various 
tasks for a stationary BESS. As described in Section 1, the focus of this 
work is on the single-use applications FCR, SCI and PS. 

3.2. Frequency containment reserve 

The EMS for providing FCR in SimSES was developed according to 
the German regulatory framework [39,40]. The requested charging and 
discharging power PStorage,set is proportional to the frequency deviation 
Δf and is dependent on the prequalified power PPQ, which has a 
minimum of 1 MW (Eq. 3). Below 49.8 Hz or above 50.2 Hz PStorage,set is 
set to   ±  PPQ. 

=
= > +
= <

t P
t P

P ( ) · for | f| 0.2 Hz
P ( ) for f 0.2 Hz
P (t) P for f 0.2 Hz

PQ
f t

Hz

PQ

Storage,set
( )

0.2

Storage,set

Storage,set PQ (3)  

If the SOC falls below a predefined lower limit (SOClow) or it exceeds 
an upper limit (SOChigh) the BESS in these simulations charges or dis-
charges by trading energy on the electricity market, in particular the 
Intra-Day Market (IDM) [14]. Due to the current legal interpretation 
(May 9, 2019) [41], a BESS in the FCR market has to ensure that at all 
times the full prequalified power PPQ can be provided for 15 min as long 
as the frequency f is in normal progression. The normal progression 
means that the frequency deviation Δf is continuously less than 50 mHz 
or none of the following criteria is met:  

• |Δf| >  200 mHz  
• |Δf| >  100 mHz for more than 5  min  
• |Δf| >  50 mHz for more than 15  min 

The SOC limits also depend on the prequalified power PPQ and the 
storage capacity EBESS, and are calculated according to Eq. 4. 

= =SOC
E 0.25 h·P

E
SOC

0.25 h·P
Ehigh

BESS PQ

BESS
low

PQ

BESS (4)  

To reach these limits as infrequently as possible, the efficiency must 
be taken into account and therefore the SOC setpoint is above 50% 
(Eq. 5). The mean efficiency ηmean is calculated at the beginning of the 
simulations and is dependent on the efficiency of the battery and PE. 

=
+

= +SOC 0.5·
(1 )
(1 )

SOC 50% SOCOffset
mean
2

mean
2 Set Offset

(5)  

Additionally to the SOC setpoint shift, the regulatory framework in 
Germany allows three different DOFs:  

• Frequency dead band: In the frequency range between 49.99 Hz and 
50.01 Hz, the output power of the BESS can be set to 0 MW and must 
not follow the frequency derivation according to Eq. 3.  

• Overfulfillment: It is allowed to overfulfill the requested power 
3 http://www.ees.ei.tum.de/simses/ 
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(Eq. 3) by 20 %.  
• Slope: The requested FCR power (Eq. 3) must be provided within 

30 s or earlier. Therefore, the slope of the provided FCR power can 
be adjusted within the time interval of 30 s allowing to control the 
charging or discharging rate. 

In SimSES all DOF are only used, if the requested power either 
brings the SOC closer to optimum again or at least not further away. All 
degrees of freedom as well as the SOC limits, depending on the pre-
qualified power PPQ, are shown schematically in Fig. 2. 

3.3. Residential photovoltaic battery storage system 

In SimSES two different operation strategies for the SCI of BESS are 
implemented: Greedy and an extension of feed-in damping based on Zeh 
and Witzmann [29]. 

Greedy 
The EMS for the greedy algorithm works with a simple comparison 

between the generation of the PV power system PPV and the con-
sumption by the household Pload at each timestep. Whenever a solar 
surplus occurs (PPV > Pload), the BESS is charged and vice versa (Eq. 6). 
This conventional strategy is shown in Fig. 3 (top). These summer days 
show that the BESS is fully charged at around 9AM, which causes a 
rapid rise of the power fed into the grid. Another disadvantage of this 
strategy is the high charging power, which may lead to a faster decrease 
of the LIB capacity due to an increase of lithium plating as described 
in [30]. 

=P P PStorage PV load (6) 

Feed-in damping 
In order to reduce the maximum power fed into the grid, a nearly 

constant BESS charging power PStorage, Ch during the whole daytime is 
calculated by the EMS. Reducing the maximum feed-in power allows for 
a higher self-consumption rate, if the maximum feed-in power is limited 
by the distribution grid operator as described in [19]. If a surplus 
(PPV > Pload) occurs, the charging power PStorage,Ch is calculated by 
dividing the remaining battery capacity EBESS,re by the predicted re-
maining time tre, until the load is higher than the PV generation, and 
the mean efficiency ηmean of the BESS (Eq. 7). 

In this work, a perfect foresight for the duration of PV generation is 
assumed. If there is a higher consumption by the household than 

generation by the PV power system, the BESS is discharged. Fig. 3 
(bottom) displays this operation strategy. In contrast to the greedy al-
gorithm, the charging power is constant during the whole first day. The 
second day shows a more cloudy day. The remaining time tre at this day 
is smaller than in day 1, so according to Eq. 7 the charging power 
PStorage,ch is higher. In addition, the second day also shows that after the 
PV generation surpasses load again ( >P P 0PV load ), the remaining 
time tre is recalculated. In this case, the storage can be charged with the 
full power, due to the short remaining time tre. 

= >P
E

t ·
for P PStorage,ch

BESS,re

re mean
PV load

(7)  

3.4. Peak shaving storage system 

Motivated by a tariff system consisting of an energy and a power 
related component, the storage application PS has the goal to minimize 
the maximum power peak value within a defined accounting period. 
Particularly large electricity consumers (annual demand  > 100 MWh 
(in Germany)) can reduce the peak power provided by the power grid, 
which directly results in reduced operating expenses in form of reduced 
grid charges [42]. 

In order to reduce the power at the point of common coupling, the 
excess demand has to be covered by another power providing unit, such 
as a BESS. The BESS is used to decouple the supply and demand over a 
specified time. To maximize the benefit of the application, it is im-
portant that the dimensioning of the storage system is the best possible 
match for the power demand curve. Similar to other publica-
tions [43–45], a two-step approach of a linear programming algorithm 
and SimSES is applied. 

First, a pre-processing linear optimization algorithm is used to 
minimize the power value for the peak shaving threshold PSthreshold, 
while it complies with the necessary constraints, such as meeting the 
power demand, and satisfying the energy and power specifications of 
the BESS. Depending on the shape of the load profile, the resulting 
value of the power threshold varies. Secondly, the resulting peak 
shaving threshold is used as an input parameter for the operation 
strategy within SimSES. This operation strategy works as follows: as 
soon as the power at the point of common coupling (from the grid) is 
above the specified threshold, the additionally required power is pro-
vided by the BESS, as illustrated in Fig. 4. In addition, the BESS will 

Fig. 2. Degrees of freedom and the SOC limits, depending on the prequalified power PPQ. The top left subfigure shows the frequency dead band and the possible 
overfulfillment. The two subplots on the right show the slope and the bottom left subfigure shows the SOC limits. 
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recharge if the power value is below the previously determined optimal 
peak shaving threshold. This ensures that the charging of the storage 
system does not cause the exceedance of the threshold. 

Through a close coordination of the two simulation tools in the 
chosen two-stage approach, both a near optimal PS threshold is found 
and simultaneously, the detailed technical specifications of the BESS 
are simulated via SimSES. 

3.5. Simulation parameters 

The battery cell used in all simulations was a LIB with a Lithium- 
Iron-Phosphate (LFP) cathode and a Carbon-Graphite(C) anode [46]. It 
is worth to mention, that other LIB types are also implemented in the 
simulation tool but the LFP:C cell is a promising battery chemistry for 
stationary applications, because of its characteristics such as high 
thermal stability, long cycle as well as calendar lifetime [3,47,48]. The 
parameterization of the ECM for the simulated LFP:C cell was carried 
out by Naumann [49]. 

To analyze the effects of cell selection, another cell with a Nickel- 
Manganese-Cobalt-Oxide (NMC) cathode and a C anode [50] was also 
simulated in the FCR application. The characterization of this cell is 
based on the work of Schuster [51]. The self-discharge and the tem-
perature dependency of the cell is neglected in this work. Table 2 
summarizes the parameters of these battery cells. 

The PE is implemented as a function, which shows a high efficiency 

above 10% of the rated power PRated (Eq. 8). Exemplary values used for 
a high efficiency PE are k = 0.0345; p0 = 0.0072, according to Notton 
et al. [52]. Here ηPE is independent of the direction of the power flow 
and no hysteresis is implemented. The maximum efficiency is observed 
at 0.46 · PRated with an efficiency ηPE = 96.9%. 

=
+ + ( )p k·
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|P |
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|P |
P 0
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Storage
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Fig. 3. Operation Strategies (top=-
greedy, bottom=feed-in damping) for the 
Residential Photovoltaic Battery Storage 
System. The shaded yellow area shows 
the generation of the PV power system, 
the blue line shows the load of the 
household and the gray line shows the 
storage power (positve=charging). (For 
interpretation of the references to color 
in this figure legend, the reader is re-
ferred to the web version of this article.) 

Fig. 4. Exemplary week of an industry 
load profile and its optimized PS 
threshold PSthreshold following the PS 
operating strategy. The power above 
the threshold is provided by a sta-
tionary BESS. The solid blue line shows 
the industry load profile with the PS 
BESS. The associated SOC is illustrated 
at the subplot at the bottom. (For in-
terpretation of the references to color 
in this figure legend, the reader is re-
ferred to the web version of this ar-
ticle.) 

Table 2 
Parameters of the simulated Lithium-ion cells. Celltype 1 is a Lithium-ion bat-
tery with a Lithium-Iron-Phosphate (LFP) cathode and a Carbon-Graphite (C) 
anode. Celltype 2 is a Lithium-ion battery with a Nickel-Manganese-Cobalt 
(NMC) and a Carbon-Graphite (C) anode.      

Parameter Unit Cell 1 [46] Cell 2 [50]  

Cell Identification - US26650FTC1 IHR18650A 
Manufacturer - Murata E-ONE Moli Energy Corp. 
Chemistry - LFP:C NMC:C 
Capacity mAh 2850 1950 
Max. Charge Current A 2.85 2 
Max. Discharge Current A 20 4 
Nominal Voltage V 3.2 3.7 
Voltage Range V 2 - 3.6 3 - 4.2 
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Frequency Containment Reserve 
As already shown by others [3,13,14], a BESS in the FCR market is 

mostly in part-load operation. In order to achieve a high part-load ef-
ficiency, we minimized the inverter losses by modularization of the PE- 
unit into three identical smaller units based on the work of Schimpe 
et al. [53]. At 80% power of the rated power of PE unit 1, PE unit 2 
starts to work. At 80% power of the rated power of PE unit 1 and PE 
unit 2, PE unit 3 starts to work. There is no hysteresis included in the 
simulations, which means that the switch-off values are equal to the 
switch-on values. According to the modeled PE efficiency, the average 
efficiency of this PE combination is 96%. This PE combination, together 
with the simulated LIB ( = 96LIB %), results in an SOC shift, according 
to Eq. 5, of 54%. 

In this work the BESS capacity EBESS is set to 1.6 MWh with a 
maximum power of 1.6 MW. The prequalified power PPQ is 1.12 MW, 
which results in a Power to Energy Ratio (PER) of 0.7. Thus, the 
available IDM power is 30% of the total BESS power. The losses of a 
transformer model for a potential integration to higher grid voltage 
levels, which would be necessary having a 1.6 MW / 1.6 MWh storage, 
are neglected. 

Residential Photovoltaic Battery Energy Storage System 
To ensure comparability, the simulations are carried out with a 

fixed annual household load Eload,a of 5,000 kWh, which rounded cor-
responds to the mean of the IP. According to the work of Weniger et al.  
[21] and Hoppmann et al. [54], the PV system and the BESS can be 
operated economically in the ratio 1:1:1. An annual household load 
Eload,a of 5,000 kWh leads to a PV peak power of 5 kWp and a BESS 
capacity EBESS of 5 kWh. 

Peak Shaving Storage System 
For the PS application, 36 anonymized annual load profiles from 

commercial electricity consumers are utilized. In order to generate 
comprehensive standardized profiles, all normalized load curves are 
scaled to a peak power of 100 kW (see Section 2.3). The BESS is 
characterized by a nominal energy content of 100 kWh. We assume that 
100% of the nominal storage energy and a rated power of 40 kW for the 
system’s PE unit (consisting of a single inverter) can be used to operate 
the application. 

Table 3 summarizes the parameter set for each simulation in 
SimSES. Other components, such as 

• a transformer model for a potential integration to higher grid vol-
tage levels,  

• a cell-to-cell connection resistance,  
• a battery management system,  
• a thermal model for each cell as well as a thermal model for the 

whole storage system,  
• an aging model of the battery cell as well as all other subcomponets,  

were neglected in this paper, but can be modeled in principle in 
SimSES. 

4. Storage profile analyzer tool 

One goal of this work is finding reference SPs for the different sto-
rage applications. Therefore, groups of SPs were created using the 
software SimSES. In this chapter, a storage profile analyzer tool is 
presented which aims to extract the reference SP for each of the groups. 
The idea and the reasons for the analyzer tool are described in  
Section 4.1. Afterwards, the different characteristics are explained in  
Section 4.2. Finally, the determination of reference profiles from the 
characteristics is described in Section 4.3. Moreover, Appendix B pro-
vides some further analysis of the SPs including the distribution of the 
energy rate (E-rate). The E-rate at each timestep i is defined according 
to Eq. 9. 

=E
P
Erate,i
Storage,i

BESS (9)  

4.1. Reasons for the storage profile analyzer tool 

The extraction of a reference SP can be done in different kind of 
ways. Taking the mean SP by calculating the mean of all the SPs for the 
different applications is one option. This would lead to a smoothing of 
the profiles. Distinctive peaks would be neglected and the profiles 
would not be representative anymore. A more viable approach is the 
selection of one SP as reference SP for each application. Here, a median 
profile has to be found which represents the group of profiles. This 
selection is done using the storage profile analyzer tool. The tool takes 
the load of the storage and SOC data as input variables and outputs the 
characteristics described in the following subsection. 

4.2. Extracted characteristics from profiles 

To better analyze and compare the storage load profiles, six char-
acteristics were defined which are distinctive for the profiles of the 
different applications. Those six characteristics aim to represent the 
differences within the storage applications. 

1. Number of full equivalent cycles (FEC) 
The total number of cycles FECyear within the year is calculated by 

dividing the positive energy throughput Eyear
pos by the storage capacity 

EBESS (Eq. 10). The FECyear varies between the applications and affects 
the aging of the battery [30]. 

=FEC
E
Eyear

year
pos

BESS (10) 

2. Efficiency (ηBEES) 
The efficiency of the analyzed storage ηBEES is calculated by 

counting the yearly energy that is extracted from the storage system 
Eyear

neg divided by the energy that is stored in the storage system Eyear
pos . The 

SOC at the beginning of the year and at the end of the year is taken into 
account as well (Eq. 11). This characteristic displays the losses in the 
storage system while operating in the specific application. For the 
calculation of the efficiency the surrounding temperature and the 
thermal management are not taken into account. 

=
|E |

E [SOC SOC ]·EBEES
year
neg

year
pos

end start BESS (11) 

3. Cycle depth in discharge direction (DOCdis) 
The average DOC in discharge direction is calculated by using the 

SOC data of the current profile. This characteristic describes how deep 
the battery is discharged before recharging it. A higher DOC may lead 
to a higher cyclic aging of the battery [55]. To enable a comparison 
between the applications (different capacities) the DOC is measured in 
percentage of the total battery capacity. In SimSES a half-cycle detector 

Table 3 
Summary of the parameters for the simulation of the three applications with 
SimSES.      

Application: FCR SCI PS  

Battery LFP:CNMC:C LFP:C LFP:C 
Storage Capacity 1.6 MWh 5 kWh 100 kWh 
Max. Power 1.6 MW 5 kW 40 kW 
PE mode modular single unit single unit single unit 
PV Power - 5 kWp - 
Operation Strategy 15 min criteria greedy feed-in 

damp 
simple 

PER 0.7 - - 
IDM Power 0.48 MW - - 
PS-Limit - - variable 62 - 92%    
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is implemented. The beginning of the half-cycle is a change from 
charging respectively resting to discharging. Analogously the end is at 
every change from discharging to charging or if the BESS reaches an 
SOC of 0%. Then the DOC is calculated by subtracting the SOC at the 
beginning and the SOC at the end of the half-cycle (see Eq. 12). Taking 
only the change from discharging to charging leads to a dependency of 
the DOC on the resolution. Many small changes of load might outweigh 
larger trends. 

=DOC SOC SOCdis cycle,start cycle,end (12) 

4. Number of changes of sign (nswapsign) 
Depending on the storage application, the SP might change from 

charging to discharging and vice versa very often or just a few times per 
day. Those changes of signs activate the power electronics. When 
analyzing experimental SPs the user of the storage profile analyzer tool 
would have to define a threshold value to prevent faults of noise when 
the SP is close to zero. As the simulated SPs do not show the noise, a 
threshold value is not necessary. 

5. Length of resting periods (trest) 
As the BESS is not used continuously over time, the length of resting 

periods represent another characteristic. During those times, the BESS 
is neither charged nor discharged. Here, the average value of resting 
period length in minutes is calculated. Depending on the application the 
length of those resting periods may vary significantly. This character-
istic is chosen because auxiliary users can be turned off and other ap-
plications can be performed during long resting periods. 

6. Energy between changes of sign (Eswapsign) 
Another chosen characteristic is the energy that is charged or dis-

charged between changes of signs, respectively. The amount of the 
energy is normalized to the battery’s capacity and thus comparable 
between the different applications with different capacities. Here 
charged and discharged energy are calculated separately. 

4.3. Determination of reference profiles 

The storage profile analyzer tool extracts the different character-
istics from each of the profiles of the specific group of SPs. For each 
application the characteristics can then be displayed in boxplots to vi-
sualize the spread and show the median values. 

To determine each reference profile the percentage error δ of each 
profile’s characteristic to the median characteristic is calculated 
(Eq. 13). This is done by subtracting the median of the characteristic K̃ j 

from the profile’s characteristic Kj, dividing the difference by the 
median of the characteristic and multiply the result with 100. Here, i is 
the number of the profile and j the number of the characteristic. 

Afterwards, the root mean square percentage error (RMSPE) is 
identified for each profile (Eq. 14). This is done by taking the sum of the 
absolute percentage errors, dividing it by six (six characteristics), 
squaring it and extracting the root. This way all characteristics are 
weighted equally. 

=
K K̃

K̃
·100i,j

i,j j

j (13)  

= =RMSPE
| |

6
i j

i
j 1
6

,
2

(14)  

The reference profile is then chosen as the profile which has the 
minimum root mean squared percentage error. Thus, this profile re-
presents the group of profiles, while maintaining its variations and 
peculiarities. 

5. Results and discussion 

The storage profile analyzer tool outputs characteristics and re-
ference SPs which will be compared and discussed in this section. First, 
the characteristics of the different applications (FCR, SCI, PS) are dis-
played in Section 5.1. Here, a comparison is done within each 

Fig. 5. Characteristics of a BESS providing FCR. The left box in each plot shows a BESS with one PE unit and a LFP:C cell. The center one in each plot shows a BESS 
with three modular PE units and a LFP:C cell and the right box in each plot shows a BESS with three modular PE units and a NMC:C cell. 
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application between power electronics and battery technology (FCR), 
operation strategies (SCI) and the three PS clusters. Afterwards, the 
characteristics of the reference SPs for different applications are com-
pared to each other and thus differences in usage and load are ex-
plained (Section 5.2). Finally, exemplary days and weeks of the re-
ference SP are shown and discussed (Section 5.3). 

5.1. Characteristics of storage profiles of different applications 

As described in Section 3, the simulated storage applications are 
FCR, SCI and PS. For each group of SPs performing one application, the 
different characteristics can be displayed in boxplots. These boxplots 
show the spread of the characteristics of a storage system performing 
the specific application. Each boxplot is created by using the char-
acteristics of all the SPs. That means that for FCR five SPs, for SCI 
74 SPs and for PS 36 SPs were used. Each profile contributes to each 
boxplot with one value. Those are the yearly number of FEC, the effi-
ciency (ηEES) over the year, the average DOC in discharge direction, the 
average length of resting periods (trest), the average changes of sign per 
day (nswapsign) and the average energy between changes of signs 
(Eswapsign). Each boxplot contains a red line which represents the 
median value. Moreover, the blue boxes display the 25th and the 75th 

percentiles, while the black whiskers correspond to a maximal absolute 
value of 2.7 times the standard deviation. The red crosses which are 
displayed above and underneath the boxplots show outlier outside of 
the box and whiskers. In addition, the red dot in each boxplot shows the 
value of the reference profile’s characteristic (see Section 4.3). The 
average distance between the median value and the reference value is 
2 %. The distributions of SOC, DOC in discharge direction and E-rate for 
all profiles and for the reference profiles of each application can be 
found in the appendix (Figs. B.21–B.28). 

Fig. 5 displays the SPs characteristics of a BESS providing FCR. The 
PE units were varied as one differentiation while using the same battery 
technology (LFP:C). First of all, one PE unit was used (each left box-
plot). Then a modular PE device was applied (each center boxplot). In 
addition to that, as a third boxplot, the LIB technology was varied as 

described in Section 3.5. Here also a modular PE device was used with a 
NMC:C LIB. 

The first characteristic (Fig. 5 (a)) is the number of FEC within the 
year. Using only one PE unit leads to an increased number of FEC 
within the year compared to modular PE units. The high number of 
yearly cycles ( >  240 FEC in all simulations), in combination with a 
small DOC (Fig. 5 (c)) requires a BESS, which has a high cycle stability 
in the middle SOC range (see also Appendix B.21–B.23). 

The efficiency (Fig. 5 (b)) can be significantly increased when using 
modular PE units or at least having a PE with a high part-load effi-
ciency. Furthermore, there are almost no long resting periods 
(Fig. 5 (d)) and the number of sign changes (Fig. 5 (e)) is higher 
compared to the other applications under test. Therefore, the PE must 
have a high control speed to meet these requirements. The positive 
energy of changes of sign (Fig. 5 (f)) is a little smaller when having 
modular PE compared to only one device. The variation of the cell 
shows hardly any influence - underlining, that choosing a suitable PE 
design is key for improving the system’s efficiency. It is worth to 
mention here, that battery aging was not modeled. 

Fig. 6 displays the SP characteristics of a SCI BESS. The order of the 
six boxplot-types is the same as described before. Only the ranges of the 
y-axes are different as a comparison within the SCI BESS is done at this 
point. Here, each diagram contains one boxplot for the greedy operation 
strategy and one for the feed-in damping strategy (see Section 3.3). The 
smoothing of the load at feed-in damping strategy leads to a smaller 
number of FEC (Fig. 6 (a)), a smaller DOC (Fig. 6 (c)), a higher length of 
resting periods (Fig. 6 (d)) and a smaller amount of charged energy 
between sign changes (Fig. 6 (f)) compared to the greedy algorithm. The 
efficiency of the SCI BESS with feed-in damping algorithm is lower than 
with greedy algorithm (Fig. 6 (b)). This is due to the fact that the feed-in 
damping storage system is more often in the partial-load range where 
the PE has a lower efficiency. 

While the lower efficiency is a disadvantage, the feed-in damping 
algorithm also leads to smaller Es-rate and lower rest times of high SOC 
compared to greedy algorithm (Appendix B.24 and B.25). Those two 
properties are advantages of the feed-in damping algorithm as longer 

Fig. 6. Characteristics of an SCI performing BESS. The left box in each plot shows a SCI with greedy algorithm. The right box in each plot shows a SCI with the feed-in 
damping algorithm. 
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periods of high SOC may lead to an increased calendar aging [56]. 
Home storage system manufacturers should take these findings into 
consideration and try to avoid simple rule based strategies (greedy). 
Moreover, both algorithms lead to the same number of changes of signs 
per day (Fig. 6 (e)), as only the time of changes vary. 

The SP characteristics of a BESS in the PS application are displayed 
in Fig. 7. The order of the diagrams is the same but the range of y-axes is 
different. The three box plots in each diagram contain the SP char-
acteristics of the three clusters of IP (see 2.4). In contrast to the other 
two applications (FCR and SCI) the spread of the characteristics within 
each group is higher. The DOC, for example, varies between 2% and 
10% for cluster 2. Thus, the storage’s load varies significantly de-
pending on the industry IP. Only cluster 3 shows relatively consistent 
characteristics in all diagrams. 

5.2. Comparison of characteristics of reference storage profiles 

After the analysis of the characteristics of each application’s SPs, a 
comparison between application SPs is done in this subsection. 
Therefore, the six characteristics of each reference profile are displayed 
in spider diagrams with the same ranges to enhance comparability 
(Fig. 8). For the application of FCR the reference profiles’ character-
istics of one PE unit and a modular PE device are displayed (top). The 
modular PE with an NMC:C cell is not displayed as its characteristics are 
almost similar to the LFP:C ones (see Fig. 5). For SCI the reference 
characteristics of the two algorithms are shown (middle) and the PS 
characteristics are displayed for the three clusters (bottom). 

FCR leads to a relatively high number of cycles ( >  240 FEC) and 
small average DOCs of 0.2%. Moreover, the average resting period 
length is small ( <  10 s) and the average number of changes of sign is 
relatively high (600 per day). This is due to the fact, that the grid fre-
quency fluctuates around 50 Hz and the storage system reacts quickly 
on frequency changes by charging or discharging the battery (see  
Fig. A.12). The efficiency of the storage system performing FCR with 
modular PE is relatively high (93%). Using only one PE device leads to a 
reduced efficiency of 83%. This is because of the low converter 

efficiency in part-load operation. 
Operating the storage system for SCI leads to similar number of 

cycles within the year as the application of FCR. Compared to the 
modular PE FCR application, the efficiency is lower (approx. 85%). The 
average DOC is higher when performing SCI than when performing FCR 
(0.9% to 0.75%). The average length of resting periods is much higher 
when operating as a SCI BESS than when performing FCR (38 to 65 
min). During winter nights, for example, the storage rests for several 
hours, which increases the average resting period length. Moreover, the 
changes of signs per day are much lower than the characteristic of FCR. 
170 changes of signs per day on average still appear to be high for a SCI 
BESS. This is due to the fact, that during charging of the storage system 
by photovoltaic energy, a short increase of load or a decrease of gen-
eration (e.g. clouds) can lead to a change of sign. 

Performing PS as an application leads to a much smaller number of 
cycles (FEC  <  30) and changes of sign (nswapsign  <  4 per day) 
compared to FCR or SCI. In contrast to that, the average DOC is higher 
than the other applications reference characteristics (2% to 5%). The 
average length of resting periods is in the same range as the SCI char-
acteristics (20 to 65 min). Thus, it is in resting mode for a longer period 
of time, it does not switch between charging and discharging very often 
and it is discharged relatively deep, when a discharge cycle is initiated. 
The storage’s efficiency when performing PS is between 86% and 89%. 
The small number of FEC, in addition to the long average length of 
resting periods suggests potential benefits of application stacking 
(multi-use) for this application. However, this requires a sufficient 
power load forecast. 

5.3. Reference storage profiles of different applications 

After the analysis of the SP characteristics and the comparison be-
tween the different storage applications, exemplary weeks of the re-
ference profiles are shown in this Section. As described in Section 2, the 
FCR reference profile and the SCI reference profile exist for a whole 
year. The PS reference profile is for 51 weeks starting with a Monday.  
Appendix A shows all complete reference profiles. All reference SPs as 

Fig. 7. Characteristics of a BESS in a PS application. The left box in each plot shows the characteristics for IP cluster 1. The box in the center for IP cluster 2 and the 
right one for IP cluster 3. 
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well as the SOC at each timestep are available online free of charge, and 
are hosted on the servers of TU Munich [57]. 

As an example, the 25th week of the reference profile of the FCR 
application with modular PE and LFP:C battery technology is displayed 
in Fig. 9. The diagram’s y-axis shows that the maximum power in this 
week is around 1.1 MW. IP for this resulting reference profile was the 
second year frequency profile [27] (year 2014, see Section 2.1). The 
profile shows a high fluctuation, which results in small DOCs, a lot of 
changes of sign and very short resting periods (see Section 5.2). To 

enable a greater degree of clarity, the profiles of FCR with one PE 
module and with NMC:C cell (modular PE) are not displayed within the 
diagram. These two show a similar course with high fluctuation. 

Fig. 10 depicts the 25th week of the reference profiles of the two SCI 
BESS with greedy and feed-in damping algorithm. Input profile for those 
two resulting reference profiles was the 28th household load profile 
from the 74 HTW-Berlin load profiles [28] (see Section 2.1). As this 
week falls in June, the storage system gets charged by the PV genera-
tion during the day. In the evening and during the night it gets dis-
charged until the battery is empty (e.g. Thursday night). The differences 
in the two operating strategies were explained in Section 3.3. The feed- 
in damping profile shows the typical limitation of the energy feed into 
the grid, which leads to lower Es-rate for the BESS. 

Fig. 8. Spider diagrams of the six characteristics of each reference profile (a: 
FCR, b: SCI and c: PS). 

Fig. 9. Reference Storage Profile of a BESS providing FCR. Exemplary week in 
June. 

Fig. 10. Reference Storage Profile of a BESS performing SCI. Exemplary week in 
June. 

Fig. 11. Reference Storage Profile of a BESS in a PS application. Exemplary 
week in June. (a: Cluster 1, b: Cluster 2 and c: Cluster 3). 
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The reference profiles (exemplary week 25) of the three clusters of 
PS application are shown in Fig. 11 (a: Cluster 1, b: Cluster 2, c: 
Cluster 3). Here, the maximal storage power was chosen as 40 kW (see  
Section 3.5). As described in the previous section, the PS BESS has the 
fewest number of cycles and changes of signs per day. The reference SPs 
confirm these numbers. Moreover, the relatively long resting periods 
and the differences between the three clusters are visible as well. The PS 
threshold values for the three clusters are set to 66 kW, 83 kW and 
80 kW according to the pre-processing optimization in Section 3.4. 

6. Conclusion and outlook 

In this paper we presented a method to create standard profiles for 
stationary battery energy storage systems, the results of which are 
available as open data for download. Input profiles including frequency 
data, industry load profiles and household load profiles are pre-pro-
cessed using a normalization and clustering method. These input pro-
files are then transformed into storage profiles including the storage 
power and the state of charge using a holistic simulation framework 
(SimSES). This modular object-oriented tool was used to analyze three 
standard applications for stationary battery energy storage systems in 
detail and an energy management system was programmed for the 
different applications: (i) The energy management system for providing 
frequency containment reserve in SimSES was developed according to 
the German regulatory framework and various degrees of freedom; the 
efficiency was taken into account to minimize the intra-day market 
transactions. Moreover, a modular power electronics topology was 
used. (ii) In addition to a simple greedy algorithm, a feed-in damping 
algorithm has been implemented for a residential battery energy sto-
rage system, which charges the storage system at a low E-rate over the 
whole day. (iii) A two-step approach with a linear programming algo-
rithm and SimSES was applied for an industrial peak shaving battery 
energy storage systems to minimize the maximum power peak value. 

The results have been post-processed using a storage profile ana-
lyzer tool in order to figure out six key characteristics of the different 
applications. These characteristics are essential for the design of a 
stationary battery energy storage system. For example, for a battery 
energy storage system providing frequency containment reserve, the 
number of full equivalent cycles varies from 4 to 310 and the efficiency 
from 81% to 97%. Additional simulations done with SimSES for one 
year showed a degradation from 4% (frequency containment reserve) to 

7% (peak shaving). 
The open data available results, including storage power as well as 

state of charge for all reference storage profiles, with a resolution of 
one second can be used for comparison with other self-developed en-
ergy management systems. Furthermore other system topologies or self- 
developed power electronic models can be simulated with SimSES and 
the simulation-outcome can be assessed against the numbers presented 
in this paper. Scientists are encouraged to conduct aging studies or 
battery management system tests using the platform SimSES and data 
provided herein. 

In order to compare both different cell chemistries as well as storage 
technologies, future work could focus in more detail on battery de-
gradation. Future applications for stationary battery energy storage 
systems could be: buffer-storage system to reduce the peak power at 
(fast-)charging stations, uninterruptible power supply or island grids. 
As soon as the first data sets are available, it might be worthwhile to 
analyze these use cases more precisely. 
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Appendix A. Input and reference profiles 

Fig. A.12 shows the frequency data (IP) of the whole year 2017 (top) and of one exemplary day (185) of year 2017 (bottom). The Figs. A.13–A.20 
show the complete reference profiles. The FCR reference profile and the SCI reference profile are for a whole year. The PS reference profile are for 
51 weeks starting with a Monday. All reference SP as well as the SOC at each timestep can be downloaded in a MATLAB R2019a® data format (mat) 
or hierarchical data format (hdf5) from the servers of TU Munich [57]. 
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Fig. A.12. Sample sections of frequency data of the whole year 2017 (top) and of one exemplary day (185) of year 2017 (bottom).  

Fig. A.13. Yearly reference profile of a simulated BESS with one PE unit and a LFP:C cell providing FCR.  

Fig. A.14. Yearly reference profile of a simulated BESS with three modular PE units and a LFP:C cell providing FCR.  

D. Kucevic, et al.   Journal of Energy Storage 28 (2020) 101077

13

67



Fig. A.15. Yearly reference profile of a simulated BESS with three modular PE units and a NMC:C cell providing FCR.  

Fig. A.16. Yearly reference profile of a BESS for SCI with one PE unit and a LFP:C cell with the greedy algorithm.  

Fig. A.17. Yearly reference profile of a BESS for SCI with one PE unit and a LFP:C cell with the feed-in damping algorithm.  

Fig. A.18. Yearly reference profile of a BESS in the application of PS with one PE unit and a LFP:C cell in cluster 1.  
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Appendix B. Further analysis with SimSES 

B1. Frequency containment reserve 

Figs. B.21, B.22 and B.23 shows additional analysis for the simulations of a BESS providing FCR. The left-hand plots (a, d) show the distribution of 
the SOC, the middle one (b, e) show the distribution of the DOC and the right-hand plots (c, f) show the distribution of the E-rate. The three plots at 
the top (a-c) at each figure show the mean results of all 5 simulations. The three plots at the bottom (d-f) show at each figure the result for the 
reference profile. All plots have a logarithmic y-axis. 

B2. Residential photovoltaic battery storage system 

Figs. B.24 and B.25 shows additional analysis for the simulations of a SCI BESS. The left-hand plots (a, d) show the distribution of the SOC, the 
middle one (b, e) show the distribution of the DOC and the right-hand plots (c, f) show the distribution of the E-rate. The three plots at the top (a-c) at 
each figure show the mean results of all 74 simulations. The three plots at the bottom (d-f) show at each figure the result for the reference profile. All 
plots have a logarithmic y-axis. 

B3. Peak shaving storage system 

Figs. B.26, B.27 and B.28 shows additional analysis for the simulations of a BESS in the application of PS. The left-hand plots show the dis-
tribution of the SOC, the middle one (b, e) show the distribution of the DOC and the right-hand plots (c, f) show the distribution of the E-rate. The 
three plots at the top (a-c) at each figure show the mean results of all simulations in the respective cluster. The three plots at the bottom (d-f) show at 
each figure the result for the reference profile in the respective cluster. All plots have a logarithmic y-axis. 

Fig. A.19. Yearly reference profile of a BESS in the application of PS with one PE unit and a LFP:C cell in cluster 2.  

Fig. A.20. Yearly reference profile of a BESS in the application of PS with one PE unit and a LFP:C cell in cluster 3.  
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Fig. B.21. Additional analysis, SOC (a, d), DOC (b, e) and E-rate (c, f), of a simulated BESS with one PE unit and a LFP:C cell providing FCR. The three plots at the top 
(a-c) show the mean results of all 5 simulations. The three plots at the bottom (d-f) show the result for the reference profile. 

Fig. B.22. Additional analysis, SOC (a, d), DOC (b, e) and E-rate (c, f), of a simulated BESS with three modular PE units and a NMC:C cell providing FCR. The three 
plots at the top (a-c) show the mean results of all 5 simulations. The three plots at the bottom (d-f) show the result for the reference profile. 
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Fig. B.23. Additional analysis, SOC (a, d), DOC (b, e) and E-rate (c, f), of a simulated BESS with three modular PE units and a LFP:C cell providing FCR. The three 
plots at the top (a-c) show the mean results of all 5 simulations. The three plots at the bottom (d-f) show the result for the reference profile. 

Fig. B.24. Additional analysis, SOC (a, d), DOC (b, e) and E-rate (c, f), of a SCI BESS with one PE unit and a LFP:C cell with the greedy algorithm. The three plots at the 
top (a-c) show the mean results of all 74 simulations. The three plots at the bottom (d-f) show the result for the reference profile. 
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Fig. B.25. Additional analysis, SOC (a, d), DOC (b, e) and E-rate (c, f), of a SCI BESS with one PE unit and a LFP:C cell with the feed-in damping algorithm. The three 
plots at the top (a-c) show the mean results of all 74 simulations. The three plots at the bottom (d-f) show the result for the reference profile. 

Fig. B.26. Additional analysis, SOC (a, d), DOC (b, e) and E-rate (c, f), of a BESS in the application of PS with one PE unit and a LFP:C cell in cluster 1. The three plots 
at the top (a-c) show the mean results of all simulations in cluster 1. The three plots at the bottom (d-f) show the result for the reference profile in cluster 1. 
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Supplementary material 

Supplementary material associated with this article can be found, in the online version, at 10.1016/j.est.2019.101077  
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5 Peak shaving with battery energy storage systems in
distribution grids: A novel approach to reduce local
and global peak loads

Main research question: Can existing stationary BESSs reduce the need for grid reinforcement
through central coordination?

Motivated by a tariff system consisting of costs for the consumed energy and a demand charge for the
highest peak power of an industrial consumer, the aim of state-of-the-art peak shaving is to minimize
power peak value at one specific node b within a defined billing period. The expected benefit for the
grid operator of this tariff scheme is to avoid cable overloading and lower peak loads on the transformer,
which consequently would avoid cost intensive grid reinforcement [113]. With continuously falling costs
for LIBs, storage systems are becoming more profitable for industrial consumers to reduce peak power
charges. It is expected that the market for peak shaving storage system will grow dramatically in the
future [111].

This publication shows a EMS for BESSs, targeted at industrial consumers to achieve both a load re-
duction at a central node in the distribution grid and electricity bill savings for the industrial consumer
at a specific node b. The objective is to reduce the peak power at the transformer to the high-voltage
grid or PCC in existing distribution grids by adapting the operation strategy of the BESS at individual
industrial consumer sites.

The developed combined approach uses a scaling factor (σb) for the power profile at the PCC in order
to combine this load profile with the load profile of an individual industrial consumer. This combined
profile serves as the input for the peak shaving operation strategy, which is simulated with SimSES. The
stress on the storage systems is compared to a state-of-the-art peak shaving strategy with regards to
the six key characteristics described in Chapter 4. The effects on the distribution grid are determined
using the functionality of the simulation tool eDisGo. This work can be summarized as follows:

• With accurate co-simulations of BESSs in SimSES and distribution grids in eDisGo, a compar-
ative analysis for various operation strategies aiming to reduce both the local peak load and the
global peak load is conducted.

• The storage systems are optimally sized regarding their economics using linear optimization.

• A novel combined operation strategy is developed that aims to reduce the peak power at the
PCC in an example distribution grid while not significantly influencing the peak load reduction
for the individual industrial consumer.

The results of this publication show that both the local peak load for the industrial consumer and the
global peak load at the PCC can be reduced by adapting the state-of-the-art peak shaving strategy
for BESSs. And although with this novel approach the BESSs reduce both peaks, the additional
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stress for the six-month simulation period is on average only 1.2 FECs higher. The strategy in this
publication only needs a communication from the PCC to the individual storage systems, but no
communication between several BESSs in the distribution grid. This kind of communication is already
used for photovoltaic generation units and can be adapted to storage systems as well [161].

Author contribution Daniel Kucevic was the principal author tasked with coordinating and writing
the paper and developing the EMSs. Leo Semmelmann assisted with preparation and execution of the
case studies. Nils Collath helped integrating the peak shaving algorithm. Andreas Jossen contributed
via fruitful scientific discussions and reviewed the manuscript. Holger Hesse reviewed the manuscript
and assisted with integrating the optimization of storage sizing. All authors discussed the data and
commented on the results.
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Abstract: The growing global electricity demand and the upcoming integration of charging options
for electric vehicles is creating challenges for power grids, such as line over loading. With continu-
ously falling costs for lithium-ion batteries, storage systems represent an alternative to conventional
grid reinforcement. This paper proposes an operation strategy for battery energy storage systems,
targeted at industrial consumers to achieve both an improvement in the distribution grid and electric-
ity bill savings for the industrial consumer. The objective is to reduce the peak power at the point of
common coupling in existing distribution grids by adapting the control of the battery energy storage
system at individual industrial consumer sites. An open-source simulation tool, which enables a
realistic simulation of the effects of storage systems in different operating modes on the distribution
grid, has been adapted as part of this work. Further information on the additional stress on the
storage system is derived from a detailed analysis based on six key characteristics. The results show
that, with the combined approach, both the local peak load and the global peak load can be reduced,
while the stress on the energy storage is not significantly increased. The peak load at the point of
common coupling is reduced by 5.6 kVA to 56.7 kVA and the additional stress for the storage system
is, on average, for a six month simulation, period only 1.2 full equivalent cycles higher.

Keywords: battery energy storage system; lithium-ion; grid-integrated energy storage; peak shaving;
distribution grid; peak load reduction

1. Introduction

The steadily increasing demand for electrical energy is leading to new challenges
for the power grid [1]. The grid infrastructure must be tailored to tolerate the peak load
conditions and grid operators must ensure this [2]. Conventional grid reinforcement
or transformer upgrading, as investigated by Brinkel et al., is one possible solution for
covering the increasing demand or to enable the integration of more electric vehicles [3].
However, with falling costs of lithium-ion batteries (LIBs), stationary battery energy storage
systems (BESSs) are becoming increasingly attractive as an alternative method to reduce
peak loads [4,5].

The peak shaving field has seen an increasing interest in research during the last years.
Oudalov et al. were among the first to introduce a BESS sizing methodology and operation
strategy to reduce the peak load of an industrial customer, thereby reducing its total
electricity bill. Since grid operators in many jurisdictions charge large-scale consumers
for their highest power demand, it can be economically viable to install a BESS and
discharge it when a certain power threshold is surpassed. The objective for optimal
BESS operation is to maximize the profit of the peak shaving operations with respect to
the shaved power, battery cycles per year, battery lifetime, and the power demand fee.
The optimal trajectory of BESS charging and discharging events-resulting from the peak

Electricity 2021, 2, 573–589. https://doi.org/10.3390/electricity2040033 https://www.mdpi.com/journal/electricity
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shaving operating strategy-is retrieved through dynamic programming. In their work,
electricity bill reduction to the amount of 8% was reached through a lead-acid based BESS.
However, in this study the focus was on the optimization of the BESS and the economic
effects and not on the possible grid relief achievements through the peak shaving strategy
on the distribution grid. [6]

In the study of Mamun et al. the management of a lithium-ion based BESS was
optimized in order to maximize peak shaving-induced electricity bill savings while mini-
mizing battery degradation [7]. The focus here was on modeling the battery degradation
mechanisms and the economic benefits and again not on the effects on the distribution
grid. In the study of Tiemann et al. a large-scale peak shaving profitability analysis of more
than 5300 industrial customer load profiles in Germany was conducted [8]. The authors
also came to the conclusion that the peak shaving technology yields the highest profits,
compared to other battery use cases. Furthermore, the authors state that in many cases
minimal payback periods for peak shaving operations can be reached. This is supported by
the work of Martins et al., who concluded that peak shaving is already profitable in many
cases for industrial customers in Germany [9].

While most peak shaving related works are focused on industrial end-customer use
cases, some recent works also highlight the possible benefits of the approach for the grid.
For instance, in the work of Danish et al. a BESS located in a distribution grid was optimized
in order to find the optimal size, location, and control strategy. The work was based on
a 20 kV distribution grid in Kabul with 22 buses and the authors have concluded that an
optimally placed BESS with a peak shaving operation strategy can significantly improve
the system performance and power losses can be reduced up to 20.62% [10].

However, none of these studies investigated the effects of multiple BESSs located
at various industrial consumers, including accurate co-simulations of both a BESS and a
distribution grid. Furthermore, the potential of coupled energy management strategies has
not yet been analyzed in order to achieve both an improvement in the distribution grid as
well as electricity bill savings for industrial consumers.

1.1. Scope of the Study

This study shows different operation strategies for a number of stand-alone BESSs to
reduce the local peak load (Strategy α) or the peak load at the point of common coupling
(β) or both (γ). The BESSs located at various nodes in an example grid are economically
optimal sized using a linear programming approach. First, these storage systems are
operated with a state-of-the-art peak shaving strategy. In the second step, the identically
sized BESSs are used and a centralized control approach is chosen to reduce the peak load
at the point of common coupling (PCC). Finally, in a new approach introduced in this study,
these two approaches are combined in order to achieve both a local and a global peak load
reduction. This scope of the study is condensed as a graphical overview in Figure 1. The
paper can be summarized as follows:

• With accurate co-simulations of BESSs and distribution grids, results for various
operation strategies aiming to reduce both the local peak load and the global peak
load are acquired.

• The storage systems are economical optimally sized using linear optimization.
• These storage systems are operated with a state-of-the-art peak shaving strategy

as well as with a centralized approach and compared according to the peak load
reduction at a specific node and the PCC.

• A newly combined approach is developed aimed to reduce the peak power at the
PCC in an example distribution grid while not significantly influencing the peak load
reduction for the individual industrial consumer.

• The stress on the storage system for the various operation strategies is derived from a
detailed analysis based on six key characteristics.

5 Peak shaving with battery energy storage systems in distribution grids: A novel approach to
reduce local and global peak loads
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Figure 1. Graphical overview of the simulated grid and battery energy storage systems (BESSs), as
well as the investigated operation strategies. The BESS, modeled in detail, located at various nodes
in a test grid, is operated in three different operation strategies to reduce the local peak load (Strategy
α) or the peak load at the point of common coupling (β) or both (γ).

1.2. Outline of the Paper

The remainder of this paper is structured as follows: Configuration of the grid and the
BESS as well as the simulation settings are described in Section 2. Section 3 describes the
methodology of this study, including a mathematical and graphical representation of all
three energy management strategies used. The results of the simulations are presented and
discussed in Section 4, while Section 5 concludes the paper with an outlook on potential
directions of future work.

2. Simulation Settings and System Configurations

This section describes the simulation tools applied as well as the example grid used
and the BESSs settings. To analyze the behavior and the effects on the distribution grid of
storage systems, accurate simulations of BESSs and distribution grids are necessary. Figure
2 shows an overview of all simulation tools used in this work, which are all available
open-source (open_BEA and SimSES: https://www.ei.tum.de/en/ees/research-teams/
team-ses/system-analytics-and-integration/, accessed on 2 November 2021; eDisGo:
https://github.com/openego/eDisGo, accessed on 2 November 2021). All settings, such
as the selection of the grid, the simulation duration, and the operation strategy are defined
within open_BEA. A further description of open_BEA can be found in [11]. In this work,
open_BEA is used to analyze the effects of novel operation strategies for BESSs on the peak
load at the PCC in a distribution grid.
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Figure 2. Overview of all open-source simulation tools, which have been adapted for use in this
study. The open_BEA tool operates as both a central control unit and as a configuration unit. The
eDisGo tool conducts the power flow analysis and SimSES operates as a validation unit for the battery
energy storage systems’ behavior.

In addition to the specification of the test grid and the operation strategies (ff− fl) of
the BESSs, individual load demands are assigned to the various actors in the grid within
open_BEA. Based on these load demands for residential or industrial consumers, the
eDisGo software performs a power flow analysis for a selected period. In this step, the
power flow analysis is conducted without storage systems. This allows determining the
power flows at all specific nodes and lines for the entire simulation period. These power
flow results as well as the power at the PCC are transferred back to open_BEA for the next
simulation step. Based on the power flow results, the dis(-charging) strategy for each BESS
is calculated according to the selected operation strategy (cf. Section 3).

The main task of SimSES is to validate the effects of the target power provided by the
energy management system of the open_BEA tool regarding efficiency, temperature, and
degradation of the BESS when applied to the storage system. Each implemented compo-
nent, such as the power electronics unit or the battery type, is responsible for modeling
its relevant principles [12]. SimSES can be split into a simulation part for modeling the
physical behavior of the BESS and an evaluation part that provides technical results for
this study. The validated BESS time series are now included in the grid and an additional
power flow analysis is conducted with eDisGo and the results are fed back to open_BEA
for further analysis and visualization.

2.1. Example Grid and Denotations

As our aim is to investigate the effects of various BESS strategies on the distribution
grid, an example grid including an open loop medium voltage (MV)-grid with 146 under-
lying low voltage (LV)-grids is used. The exemplary grid is connected to the overlying grid
level through a single substation (PCC). This grid was chosen because of its resemblance to
the typical German grid structure [13]. A graphical representation is shown in Figure 3 in
which the circuit breakers are marked in gray, the 146 MV/LV transformers in light blue,
the PCC in red, and all branch tees in dark blue.

5 Peak shaving with battery energy storage systems in distribution grids: A novel approach to
reduce local and global peak loads

84



Electricity 2021, 2 577

PCC

Circuit breakers

Low voltage grids

Branch tee

Figure 3. Graphical representation of the test distribution grid. The open circuit breakers are marked
in gray, the MV/LV transformers are marked in light blue, the PCC in red, and all branch tees in
dark blue.

The distribution grid includes 72 industrial consumers with an annual load above
100 MWh. Only these end-users can potentially benefit from applying peak shaving
through a BESS as described in Section 3.1. Equation (1) defines the vector N for all
industrial consumers b within the described distribution grid, with a total number of
nodes B:

N = [1, · · · , b, · · · , B]T (1)

The current time step t within a defined time horizon T is defined by a vector H as shown
in Equation (2):

H = [1, · · · , t, · · · , T] (2)

Finally, the apparent power Sb
t at each node b for each time step t is defined by a

matrix S (Equation (3)). The individual load profiles for these industrial consumers as well
as all other consumers in the grid are according to a former publication [14].

S =




S1
1 · · · S1

t · · · S1
T

...
. . .

...
. . .

...
Sb

1 · · · Sb
t · · · Sb

T
...

. . .
...

. . .
...

SB
1 · · · SB

t · · · SB
T




(3)

2.2. Battery Energy Storage System Setting

As described in the previous section, the SimSES simulation tool is used to validate the
behavior of the BESS and to obtain detailed insights of the stress of the storage system. The
parameters and settings shown in Table 1 are used in this paper to represent and simulate
a realistic BESS. For the battery, a LIB with a lithium-iron-phosphate (LFP) cathode and
a carbon/graphite (C) anode is selected [15]. This type of cell is particularly suitable
for stationary applications due to its higher cycle durability [16]. The power electronics
(AC/DC converter) is modeled by a constant load-independent part and a second part,
including all load-dependent losses [17]. The maximum efficiency with this converter type
is attained at 0.46· Prated with an efficiency of ηPE = 96.9%. In accordance with the type of
battery cell, the maximum erate is set to 1 h−1.
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Table 1. Parameters and settings of the simulated battery energy storage system (BESS) comprising
battery cells, a power electronics unit, and a battery management system (BMS).

Parameter/Setting Description/Value Unit
Battery cell manufacturer Murata -

Battery cell type US26650FTC1 -
Battery cell chemistry LFP:C -
Battery cell capacity 2850 mAh
Nominal cell voltage 3.2 V

Cell voltage range 2–3.6 V
Maximum efficiency of power electronics 96.9 %

Maximum erate 1 h−1

Starting state of energy (SOE) 100 %

2.3. Simulation Setting

All results shown in this study are based on a simulation duration of six months,
which represents a tradeoff between seasonal fluctuation and computation time, and a
simulation step size of 15 min. The 15-minute time discretization is based on the fact
that tariff calculations in Germany are calculated with maximum values in 15 min time
step demand averages [18]. The simulation tools used in this work are implemented in
Python. The linear optimization algorithm in Section 3.4 is implemented using MATLAB®

programming language.

3. Problem Formulation and Applied Methods
3.1. Peak Shaving Operation Strategy: Strategy α

Motivated by a tariff system consisting of an energy demand charge and a peak power
tariff, the aim of state-of-the-art peak shaving is to minimize the maximum power peak
value at one specific node b within a defined billing period. The grid operator expects
the use of this tariff scheme to avoid cable overloading and lower peak loads on the
transformer [19].

In particular, large electricity consumers with an annual demand above a certain limit
(in Germany 100 MWh [18]) can reduce the peak power provided by the power grid, which
directly results in reduced operating expenses in the form of reduced grid charges. In order
to reduce the peak power at a specific node b, the excess demand has to be either covered
by another power providing unit, such as a diesel generator, or in our case, a BESS. The
BESS is used to decouple the supply and demand over a specified time. Consequently, it is
essential to find a peak shaving threshold Sthresh,b above which the power is provided by
the BESS.

In this work, we assume a straightforward charging approach as described in Equa-
tions (4) and (5): the BESS is charged whenever the apparent power Sb

t of the given load
profile falls below a previously defined peak shaving threshold Sthresh,b and discharged
when the threshold is exceeded. With this strategy, the BESS is fully charged most of the
time and is only used, if the local load is above the peak shaving threshold Sthresh,b. This
operation mode is therefore independent of the load at the PCC and is therefore the most
reliable strategy for a consumer with the only goal to reduce the local peak load. The
methodology to find the peak shaving threshold Sthresh,b is described in Section 3.4.

Charging : Sb
t < Sthresh,b ∀ t (4)

Discharging : Sb
t > Sthresh,b ∀ t (5)

3.2. Grid-Centered Peak Shaving: Strategy β

This subsection introduces an approach to use BESSs of distributed industrial cus-
tomers to reduce power peaks at the grid operator’s PCC. To achieve this, the vector of the

5 Peak shaving with battery energy storage systems in distribution grids: A novel approach to
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apparent power SPCC at the PCC is used to determine the operation strategy of BESSs of
industrial customers instead of the local load profile vector.

SPCC =
[
SPCC

1 , · · · , SPCC
t , · · · , SPCC

T

]
(6)

The optimization goal of grid-centered peak shaving is to minimize the peak power
at the PCC instead of the power peak at a specific node b (Strategy α). Consecutively, the
peak shaving thresholds of the industrial customers storage systems are recalculated in
order to maximally reduce the peak power with a given BESS capacity by the previously
introduced method, while SPCC serves as input for the peak shaving scheduling. The new
threshold Sthresh,PCC is calculated using an iterative approach [20].

3.3. Combined Peak Shaving Approach: Strategy γ

This subsection introduces an approach to use industrial customers’ BESS to reduce
both PCC and local peaks. First, a scaling factor œb for every node b is calculated that sets
the highest PCC power in relation to the highest power at a specific node b as showed in
Equation (7).

œb =
max

(
Sb

t

)

max
(

SPCC
) (7)

In Equation (8), every load of the vector SPCC is multiplied by œb to scale the PCC load
profile down to the dimensions of the load profile at a specific node b. The scaled-down
vector is denoted as SScaled,b.

SScaled,b = SPCC ·œb (8)

Based on SScaled,b and the local load profile Sb
t at node b in Equation (9) a combined

load profile Scomb
t is created. For every point of time t in T, the maximum value of SScaled,b

and Sb is used to obtain the combined load profile Scomb
t that takes both the peaks at the

PCC and the local peaks into account.

Scomb,b = max(SScaled,b
t , Sb

t ) ∀t (9)

Subsequently, Scomb
t serves as the input for the peak shaving operation strategy. Again,

the peak shaving thresholds of the industrial customers’ storage systems are recalculated
in order to maximally reduce the peak power with given capacities. The new threshold
Sthresh,comb is calculated using an iterative approach [20]. It must be noticed that this
strategy is less reliable for the reduction of the local peak load than strategy α, since the
BESS now also might be used to reduce the peak load at the PCC. However, this will be
discussed in more detail in Section 4.

All three energy management strategies used in this work are depicted in Figure 4.
All solid lines mark the results of the power flow analysis without BESS and the dashed
lines marks the results of the power flow analysis including a BESS at a specific node b.
The black solid line associated to the right y-axis shows the difference in power, covered by
the BESS. In this example, a BESS with an energy content of 100 kWh is used to shave the
peaks. The upper plot (a) shows the results for an exemplary industrial consumer if the
BESS operates in a stand-alone peak shaving mode. While in this study the BESS works
only in a real power operation, the apparent power is shown in the plot.

The solid line at subplot (b) shows the results for the power flow analysis at the PCC if
the BESS at the same node b operates in a grid-centered peak shaving mode. The difference
between with and without storage is very small due to the significantly higher load at
the PCC compared to the load at a specific node b, so the dashed line follows the solid
line almost exactly. The difference is displayed with the black solid line associated to the
right y-axis. The maximum difference is with 100.2 kVA slightly higher than the maximum
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power of the exemplary BESS. This is due to the fact that the BESS is placed at a specific
node b and because of this, less energy has to be transmitted from the PCC to this node.
This allows line losses to be reduced.
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Figure 4. Graphical representation of all three energy management strategies used in this study.
Subplot (a) shows an exemplary load profile for an industrial consumer at a specific node b. The
related power at the point of common coupling is displayed in subplot (b) and subplot (c) shows the
combined profile. The solid line marks the results of the power flow analysis without the battery
energy storage system (BESS) at a specific node b and the dashed line marks the results of the
power flow analysis including the BESS. The black solid line associated to the right y-axis shows the
difference in power, covered by the BESS.

The lower plot (c) shows the combined load profile Scomb
t (solid line) for an exemplary

industrial consumer, including the scaled load from the PCC. In the hours six to eight it can
be seen that the scaled load profile from the PCC is responsible for the peak. Consequently
the BESS shaves this peak and therefore ensures a lower peak load at the PCC. As with
strategy α, the BESS also manages to shave the local peak between hours 16 and 22 with the
combined strategy. Again the black solid line shows the difference in power, covered by the
BESS. Compared to the other two strategies, the BESS is stressed twice on this exemplary
day. The effects of this are discussed in the next chapter.

3.4. Battery Energy Storage System: Component Sizing

Sizing of the BESSs is conducted using an adopted version of a previously described
linear programming optimization approach [9]: The cost function (Equation 10) allows
finding a profit optimal compromise between electricity costs (tariff dominated by annual
peak cost) as well as storage investment costs and a battery charge throughput penalty
cost. Motivating low cycle counts and thus manageable cyclic aging within the project
operation period, the throughput penalty cost (wtp) are included and multiplied with the
energy throughput (BESStp) of a BESS.

OBJ = Sthresh,b · ppeak · tproj + Pmax · erate · pinvest
BESS + BEEStp · wtp (10)

5 Peak shaving with battery energy storage systems in distribution grids: A novel approach to
reduce local and global peak loads
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We choose a parameter set as follows: The storage investment costs pinvest
BESS are set to

350 $
kWh as motivated by [21]. A project operation/depreciation period of tproj= 10 years

well covered by BESS-assisted peak shaving analysis studies presented by Martins et al. [9]
as well as degradation studies with the LFP:C battery cell is used herein [16,22].

In accordance with publicly available tariff tables provided by various distribution
grids in Germany, a peak demand charge of ppeak = 110 $

kVA·a was chosen. The erate has
been set to 1 h−1 as described in Section 2.2. For the lithium-ion based BESS investigated
herein, we chose a value of unity for the this parameter yielding a well-balanced system
layout and shaving of distinguished power peaks. Battery cycling and energy throughput
is penalized using a weighting factor of wtp= 0.001 $

kWh in order that the BESS is not
dis(-charging) needlessly [23].

The boundary conditions of the BESS are described in the constraints Equations (11)–(15).
The actual energy content for a specific time step t of a BESS, denoted as Eactual,b

t , must remain
within the physical bounds of a storage system:

0 · Enominal ≤ Eactual,b
t ≤ 1 · Enominal (11)

The charging and discharging powers (Pcharge,b
t and Pdischarge,b

t ) has to be lower than
the rated power Prated of the power electronics.

Pcharge,b
t ≤ Prated ∀ b (12)

Pdischarge,b
t ≥ −Prated ∀ b (13)

The charging and discharging power (Pcharge,b
t and Pdischarge,b

t ) for each step t and each
BESS is also limited by the respective maximum energy rate (erate) of the storage system.

Pcharge,b
t ≤ erate · Enominal ∀ b (14)

Pdischarge
t ≥ − erate · Enominal ∀ b (15)

The actual energy content Eactual,b
t of a BESS is calculated by adding the net charged

energy Echarge,b
t to the energy content of the previous time step and subtracting the dis-

charged energy Edischarge,b
t . This energy conservation equation of a BESS is defined in

Equation (16).

Eactual,b
t = Eactual,b

t−1 + Echarge,b
t − Edischarge,b

t (16)

In order to derive the best-suited BESS system sizing, we have applied this formulation
(minimize (OBJ)) to the entire set of 72 scenarios. The linear optimization results in BESSs
capacities of less than 10 kWh for 40 out of the 72 customers. These small storage sizes
are neglected in this study, because the capacity is more in the range of home energy
storage systems and no longer in the range of industrial storage systems [24]. The cost
assumptions for the initial costs pinvest

BESS are therefore no longer valid. Furthermore, the
peak load reduction and thus the cost savings would be minor in these cases and therefore
are not considered further. Figure 5 visualizes relative peak shaving limits Sthresh,b in %
for all 32 BESS with a capacity above 10 kWh. The lower plot (b) shows the capacity for
just these BESS.
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Figure 5. Results of the component sizing optimization. The upper plot (a) shows the peak shaving
limits Sthresh,b in % of the original peak power for all 32 battery energy storage system (BESS) with a
capacity above 10 kWh. The lower plot (b) shows the capacity for just these BESS.

4. Case Studies and Discussion

This section discusses the impact of various strategies of storage systems on the test
distribution grid for a six months simulation period. For this purpose, the load flows and
potential reductions in peak load at the PCC are evaluated in detail and compared to the
results obtained with a state-of-the-art peak shaving algorithm (Strategy α). The effects of
these strategies as well as the resulting stress on the BESS are also investigated.

Figure 6 shows the relative peak load reduction for each of the 32 simulations with
various operating strategies for the BESS. The reduction of the peak load at the local node
b (= location of the BESS) is plotted on the abscissa and the reduction of the peak load at
the PCC can be seen on the ordinate. The results are each related to the maximum power
of the storage system. Based on an erate of 1 as defined in Section 2.2, the maximum power
in kW is equal to the capacity of each BESS in kWh.
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Figure 6. Relative peak load reduction for each simulation with various operating strategies for
the battery energy storage system (BESS). The reduction of the peak load at the local node b (=
location of the BESS) is plotted on the abscissa and the reduction of the peak load at the point of
common coupling (PCC) can be seen on the ordinate. The red crosses show the reduction if the BESS
is operated with strategy α. The blue crosses show the results for strategy β and the green ones for
the combined approach (Strategy γ). The filled circles show the reduction of the peak load at the
PCC if all 32 BESSs are integrated into the grid simultaneously.
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The red crosses show the reduction if the BESS is operated with strategy α. It can be
seen that the storage system reaches a reduction of the peak load at the associated node b
in all 32 simulations. In most of the cases no peak load reduction at the PCC can be reached.
The reason for this behavior is that in these cases the peaks in the load profile have a longer
duration and thus the energy content is the limiting factor. As described in Section 3 and
exemplary shown in Figure 4, the load profiles include reactive power, while the BESS in
this study operates with active power only.

The initial motivation for a peak power tariff was to smooth out power peaks in the
entire distribution grid. However, with this state-of-the-art peak shaving strategy only
one case shows a reduction at the PCC. Even with all 32 storage systems integrated in the
grid at the same time, only very small (13.63 kVA) improvements can be achieved with a
conventional peak shaving algorithm.

The reduction for strategy β is marked with blue crosses. Since only one very high
peak occurs at the PCC during the period under consideration, the change is almost
identical with all 32 storage systems and corresponds to the maximum possible discharge
power. Due to the fact that the BESS is located in different locations in the grid, line losses
can be reduced during discharge. This results in relative reductions above one. However,
for industrial customers themselves, the centralized algorithm never achieves a reduction
in the peak load in this simulation setting.

The green crosses show the reduction if the BESS is operated in accordance to the
newly developed combined approach (Strategy γ). In this case, both the local peak load
and the global peak load will be reduced. It can be seen that the reduction at the location of
the storage is nearly as high as with the state-of-the-art peak shaving strategy. However, a
significant peak load reduction in the PCC is now also achieved. The filled circles in the
figure show the reduction of the peak load at the PCC if all 32 BESSs are integrated into
the grid simultaneously. Again, due to the fact that only one very high peak occurs at the
PCC, the reduction with the centralized approach is almost the summed-up maximum
possible discharge power of all BESSs. In contrast, with the combined approach with a
reduction of 706.70 kVA, almost the same reduction is achieved as with the centralized
approach (868.02 kVA).

Figure 7 supports the statements from the relative reduction plot by showing the
absolute reduction for each simulation. The upper plot (a) shows the absolute peak load
reduction for each simulation if the BESS is operated with strategy α. It can be seen that
the peak reduction at the respective node b is minimum 5.05 kVA and maximum 53.3 kVA,
which results with the numbers of Section 3.4 in an annual revenue of approximately $ 555.5
to $ 5,858.6. However, with this state-of-the-art peak shaving strategy only simulation 13
achieves a reduction at the PCC with 13.6 kVA. All others fail to reduce the peak load at
the PCC. With the centralized approach (Strategy β), depicted in plot (b) the peak load at
the PCC is reduced by 10.4 kVA to 83.1 kVA. The industrial consumers peak load is not
reduced in any case, but is increased by up to 16.6 kVA in six cases.

The lower plot (c) shows the absolute peak load reduction for each simulation if the
BESS is operated with strategy γ. The red bars show the difference in peak load at a local
node b (=storage location), the blue bars show the peak load reduction at the PCC. The
industrial consumers peak load reduction differs only in two cases above 1.0 kVA. The
maximum occurs in simulation six with 2.8 kVA, which would result in a decreased annual
revenue of $ 308.0. However, with this combined approach the peak load at the PCC is
also reduced by 5.6 kVA to 56.7 kVA. Compared to the maximums before (53.3 kVA and
83.1 kVA), which both occurs at simulation six, the combined approach achieves a summed
up reduction of 107.2 kVA. Integrating all 32 BESSs to the grid simultaneously, a reduction
at the PCC of 706.7 kVA can be achieved.
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Figure 7. The upper plot (a) shows the absolute peak load reduction for each simulation if the
battery energy storage system (BESS) is operated with strategy α. Plot (b) shows the results for the
centralized approach (Strategy β). The lower plot (c) shows the absolute peak load reduction for
each simulation if the BESS is operated with the newly developed combined approach (Strategy γ).
The red bars show the difference in peak load at a local node b, the blue bars show the peak load
reduction at the point of common coupling (PCC).

To evaluate the reduction in detail, the additional stress on the energy storage must
also be considered. Figure 8 shows the results for all simulations using various key
characteristics, which have been defined in a previous publication [14]. Subplot (a) shows
the number of full equivalent cycles and the mean round-trip efficiency is displayed in
subplot (b). The remaining characteristics describe the stress on the BESSs in greater detail.
Subplot (c) shows the average cycle depth in discharge direction and the average resting
time between two actions is illustrated in subplot (d). The number of alternations between
charging and discharging (sign changes) per day is indicated in subplot (e), while subplot
(f) shows the energy in relation to the BESS capacity that is charged or discharged between
sign changes, respectively.

The highest peak at the PCC is 40.9 MVA and thus 1.4 MVA higher than the second
highest peak. Consequently, all BESSs at the centralized approach (Strategy β) are only able
to reduce this one maximum 15-minute peak and therefore only one sign change occurs.
This also results in high resting times for the six month simulation period. Due to the losses
in the storage system the total number of full equivalent cycles is 0.28 and consequently
the cycle depth in discharge direction is 28% with a storage systems erate of one.

Comparing the results for strategy α and strategy γ, it can be seen that the BESSs
have on average 1.2 full equivalent cycles more than the storage systems operating with a
conventional peak shaving strategy. In the case of the LIB used, this results in a deviation
in the remaining capacity of 0.01% (95.31 to 95.32) for the six month simulation period due
to the high cycle stability. Resulting from very low additional stress on the storage system,
there are hardly any differences for almost all other key characteristics. Only the duration

5 Peak shaving with battery energy storage systems in distribution grids: A novel approach to
reduce local and global peak loads
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of the resting times between two actions falls significantly from 237.8 h to 131.3 h. However,
this average resting time is still quite long and the storage systems remain underutilized
with both strategies and it should be considered to use these to achieve additional revenues
by using a multi-use approach [25]—a topic beyond the scope of this study.
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Figure 8. Detailed results about the additional stress on the battery energy storage systems (BESSs)
for a six month simulation period. Subplot (a) shows the number of full equivalent cycles and the
mean round-trip efficiency in % is displayed in subplot (b). Subplot (c) shows the average cycle depth
in discharge direction in % and the average resting time in minutes between two actions is illustrated
in subplot (d). The number of alternations between charging and discharging (sign changes) per day
is indicated in subplot (e). Finally, subplot (f) shows the energy in relation to the BESS capacity that
is charged between these sign changes.

5. Conclusions and Outlook

This paper presented a method to reduce the peak power at a specific node as well as
at the transformer or PCC in distribution grids or microgrids by using BESSs. The storage
systems are located at 32 various industrial consumers with individual load profiles in a
MV-grid with 146 underlying LV-grids. A method of a combined operation strategy for
BESSs located at industrial consumers has been developed to achieve both an improvement
in the distribution grid as well as electricity bill savings for industrial consumers. By using
and adapting the open_BEA framework, accurate co-simulations of BESSs and distribution
grids are performed. The stress on the LIB-based stationary BESSs at the various strategies
is evaluated by adapting the holistic energy storage simulation framework SimSES.

The newly developed combined approach (Strategy γ) uses a scaling factor for the
power profile at the PCC in order to combine this load profile with the load profile of an
individual industrial consumer. This combined profile serves as the input for the peak
shaving operation strategy and the results are compared to a state-of-the-art peak shaving
strategy (industrial consumer only; Strategy α) and a centralized approach (PCC only; Strat-
egy β). The BESSs are economical optimally sized using a linear optimization approach.
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Results show that with strategy γ both the local peak load and the global peak load
can be reduced. The reduction at the location of the storage is nearly as high as with
strategy α. With strategy γ the peak load at the PCC is reduced by 5.6 kVA to 56.7 kVA and
the total reduction is always higher than with strategy α or strategy β. Although in this
scenario the BESSs reduce both peaks, the additional stress for the six month simulation
period is on average only 1.2 full equivalent cycles higher. This additional stress results in
slightly higher aging (0.01%) with the used LIB.

Accelerated aging as well as adaptions in the energy management systems would
have to be compensated financially by the grid operator to the storage owner or indus-
trial consumer. However, it must be taken into account that the grid operator benefits
economically by being able to avoid a possible grid reinforcement or transformer upgrade.
The framework shown in this study requires communication (e.g., via the 5G communi-
cation standard [26,27] or the IEC 60870 standard [28]) between the grid operator and its
current load at the PCC and the industrial consumer including the storage system. In
addition, the algorithms introduced in this study require the creation of an economic and
legal framework.

Future Work and Outlook

This study focuses on the technical potential of combined operation strategies for
storage systems located at various industrial consumers in a distribution grid. The addi-
tional reduction in the peak load at the PCC may avoid the need of grid reinforcement or
transformer exchange. Future work should focus on an economic analysis to compare the
cost of installing a BESS with the costs of conventional grid reinforcement. From a grid
perspective, future studies could also focus more on other grid-related applications as an
additional service of the BESS, such as reactive power control.

Furthermore a highly discussed topic is the ecological assessment of storage systems.
In addition to the economic assessment, it might also be worthwhile to perform an ecologi-
cal analysis. This would allow a more precise comparison of the CO2 impact of BESSs and
the CO2 impact caused by conventional grid reinforcement.
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Parameters & variables

Eactual,b
t actual energy content of a battery energy storage

system at a specific node b for a specific time
step t

Echarge,b
t charged energy of a battery energy storage sys-

tem at a specific node b for a specific time step
t

Edischarge,b
t discharged energy of a battery energy storage

system at a specific node b for a specific time
step t

Pcharge,b
t charging power of a battery energy storage sys-

tem at a specific node b for a specific time step
t

Pdischarge,b
t discharging power of a battery energy storage

system at a specific node b for a specific time
step t

Prated rated power of the power electronics
BESStp energy throughput of a battery energy storage

system
Sb

t apparent power at a specific node b for a specific
time step t

Scomb
t combined apparent power including the power

at a specific node b and the apparent power at
the point of common coupling

Sthresh,PCC peak shaving threshold power for a battery en-
ergy storage system operating with the grid-
centered approach

Sthresh,b peak shaving threshold power for a specific
node b

Sthresh,comb peak shaving threshold power for a battery en-
ergy storage system operating with the com-
bined approach

œb scaling factor: peak power at the point of com-
mon coupling in relation to the peak load at a
specific node b

SPCC vector of the apparent power at the point of
common coupling for each time step t

SScaled,b scaled apparent power of the point of common
coupling in relation to the peak load at a specific
node b

S matrix for the apparent power at each node b
for each time step t

erate energy rate of the battery energy storage system
pinvest

BESS storage investment costs per kWh
ppeak annual peak demand charge per kVA
tproj project operation/depreciation period in years
wtp throughput penalty costs

Abbreviations

AC alternating current
BESS battery energy storage system
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BMS battery management system
C carbon/graphite
DC direct current
eDisGo software for electric distribution grid optimiza-

tion
LFP lithium-iron-phosphate
LIB lithium-ion battery
LV low voltage
MV medium voltage
open_BEA open battery models for electrical grid applica-

tions
PCC point of common coupling
SimSES simulation of stationary energy storage systems
SOE state of energy

Sets & indices

B total number of nodes b in the distribution grid
H time vector for the simulation period (time hori-

zon)
T time horizon
N vector for all industrial consumers in the distri-

bution grid
b nodes with industrial consumers in the distribu-

tion grid
t specific time step
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6 Reducing grid peak load through the coordinated
control of battery energy storage systems located at
electric vehicle charging parks

Main research questions: Is a multi-storage approach suitable for grid planning? And how should
the battery control be coordinated?

A predicted high EV penetration in urban distribution grids leads to challenges, such as line over
loading for the grid operator. In particular introducing charging parks for shared cars or electric
taxis in these urban areas may require grid reinforcement. In such a case installation of grid integrated
storage systems represent a technical alternative. This paper proposes a method of coordinated control
for multiple BESSs located at electrical vehicle charging parks in a distribution grid using linear
optimization in conjunction with time series modelling.

As in Chapter 5, the objective is to reduce the peak power at the PCC in existing distribution grids
with a high share of electric vehicles. The combination of the tools eDisGo and SimSES enables a
more realistic simulation of the effects of storage systems with different EMSs on the distribution grid.
The case study involves three charging parks with various sizes of coupled storage systems in a test
grid in order to apply a novel approach to control all BESSs simultaneously.

A linear programming optimization tool for energy storage systems (lp_opt) is used to control the
EMS of several storage system in a coordinated manner. Like SimSES, the lp_opt tool was developed
at the Institute for Electrical Energy Storage Technology at the Technical University of Munich [8].
Aiming to reduce the peak power at the PCC, lp_opt calculates an operation strategy for each BESS,
subject to linearized constraints of the distribution grid and the BESS. The tool was designed in the
MATLAB optimization environment using a problem-based approach and besides the mathematical
optimization solver of MATLAB, the tool is also compatible with the Gurobi solver [162]. In the
following the highlights of this publication are summarized:

• An EMS for a multi-storage approach is developed to control and coordinate the charging and
discharging of the BESSs. The method is applied to a test distribution grid and compared with
a state-of-the-art peak shaving strategy.

• The impact of BESSs, located at charging parks, is evaluated on the basis of peak load reduction
at the PCC with varying EV-share and BESS capacities.

• The coordinated control strategy can significantly reduce the peak load at the PCC. This allows
grid operators to reduce or avoid grid reinforcement without influencing EV charging quality
with reduced charging power or vehicle-to-grid approaches.

Analyzing the results of the BESSs using SimSES shows that the stress on the storage system is
comparable with state-of-the-art peak shaving strategies. However, referring to Chapter 5 this multi-
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at electric vehicle charging parks

storage approach now also needs communication between the storage systems. The method of this
study is applied to an exemplary grid, but the open-source code available to the research community
is easily adaptable to other individual parameter sets.

Author contribution Daniel Kucevic was the principal author tasked with coordinating and writing
the paper and developing the software framework. Stefan Englberger assisted with integrating the
optimization tool. Both Anurag Sharma and Anupam Trivedi reviewed the manuscript and gave valu-
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A B S T R A C T

Both global climate change and the decreasing cost of lithium-ion batteries are enablers of electric vehicles
as an alternative form of transportation in the private sector. However, a high electric vehicle penetration in
urban distribution grids leads to challenges, such as line over loading for the grid operator. In such a case
installation of grid integrated storage systems represent an alternative to conventional grid reinforcement.
This paper proposes a method of coordinated control for multiple battery energy storage systems located at
electrical vehicle charging parks in a distribution grid using linear optimization in conjunction with time series
modeling. The objective is to reduce the peak power at the point of common coupling in existing distribution
grids with a high share of electric vehicles. An open source simulation tool has been developed that aims to
couple a stand alone power flow model with a model of a stand alone battery energy storage system. This
combination of previously disjointed tools enables more realistic simulation of the effects of storage systems in
different operating modes on the distribution grid. Further information is derived from a detailed analysis of
the storage system based on six key characteristics. The case study involves three charging parks with various
sizes of coupled storage systems in a test grid in order to apply the developed method. By operating these
storage systems using the coordinated control strategy, the maximum peak load can be reduced by 44.9%.
The rise in peak load reduction increases linearly with small storage capacities, whereas saturation behavior
can be observed above 800 kWh.
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Abbreviations

AC Alternating current
BESS Battery energy storage system
BMS Battery management system
C Carbon/graphite
DC Direct current
eDisGo Software for electric distribution grid opti-

mization
EV Electric vehicle
FEC Full equivalent cycle
HV High voltage
LFP Lithium-iron-phosphate
LIB Lithium-ion battery
lp_opt Linear programming optimization tool for

energy storage systems
LV Low voltage
MV Medium voltage
open_BEA Open battery models for electrical grid

applications
PCC Point of common coupling
SimSES Simulation of stationary energy storage

systems
SOE State of energy
V2G Vehicle-to-grid

Sets & indices

B Total number of nodes b in the distribution
grid

b Nodes in the distribution grid
b𝑗 Specific node b at location 𝑗 in the distribu-

tion grid
b𝑘 Specific node b at location 𝑘 in the distribu-

tion grid
H Time vector for the simulation period (time

horizon)
N Vector for all nodes in the distribution grid
T Time horizon
𝑡 Specific time step

Parameters & variables

cos𝜑 Power factor: ratio of real power to appar-
ent power

𝜂b Efficiency between the point of common
coupling and a specific node b

𝜂PE Efficiency of the power electronics
𝐸actual,b
𝑡 Actual energy content of a battery energy

storage system at a specific node b for a
specific time step 𝑡

𝐸charge,b
𝑡 Charged energy of a battery energy storage

system at a specific node b for a specific
time step 𝑡

𝐸discharge,b
𝑡 Discharged energy of a battery energy stor-

age system at a specific node b for a specific
time step 𝑡

𝐸nominal Nominal energy content of a battery energy
storage system

erate Energy rate of the battery energy storage
system

𝐈b𝑗→b𝑘 Vector for the line current between two spe-
cific nodes b (b𝑗 and b𝑘) for each time step
𝑡 before integrating charging parks

Ib𝑗→b𝑘
𝑡 Line current between two specific nodes b

(b𝑗 and b𝑘) for a specific time step 𝑡 before
integrating charging parks

𝐈∗,b𝑗→b𝑘 Vector for the line current between two spe-
cific nodes b (b𝑗 and b𝑘) for each time step
𝑡 after integrating charging parks

Ib𝑗→b𝑘
max Rated (maximum) line current between two

specific nodes b (b𝑗 and b𝑘)
I∗,b𝑗→b𝑘
𝑡 Line current between two specific nodes b

(b𝑗 and b𝑘) for a specific time step 𝑡 after
integrating charging parks

𝑃 charge,b
𝑡 Charging power of a battery energy storage

system at a specific node b for a specific
time step 𝑡

𝑃 discharge,b
𝑡 Discharging power of a battery energy stor-

age system at a specific node b for a specific
time step 𝑡

𝑃 rated Rated power of the power electronics
𝐒 Matrix for the apparent power at each node

b for each time step 𝑡 before integrating
charging parks

𝐒∗,𝐏𝐂𝐂 Vector of the apparent power at the point of
common coupling for each time step 𝑡 after
integrating charging parks

S∗,PCC𝑡 Apparent power at the point of common
coupling for a specific time step 𝑡 after
integrating charging parks

Sb𝑡 Apparent power at a specific node b for
a specific time step 𝑡 before integrating
charging parks

𝐒𝐂𝐏 Matrix for the charging park power at each
node b for each time step 𝑡

SCP,b𝑡 Charging park power at a specific node b for
a specific time step 𝑡

𝐒𝐏𝐂𝐂 Vector of the apparent power at the point
of common coupling for each time step 𝑡
before integrating charging parks

SPCC𝑡 Apparent power at the point of common
coupling for a specific time step 𝑡 before
integrating charging parks

SOEmax State of energy upper limit
SOEmin State of energy lower limit
U Single phase voltage

1. Introduction

Renewable energy sources and EVs are seen as future key drivers
of a substantial decrease in carbon emissions in both the transporta-
tion and power generation sectors [1]. However, this transformation
poses new challenges to the power grid [2]. While in rural areas, the
increased share of renewable energies, resulting in over voltages is the
main cause of grid reinforcement [3], in urban distribution grids, it
is forecast by the European Federation for Transport and Environment,
that the number of public chargers in the EU will increase from 185000
public chargers to 1.3 million in 2025 and 2.9 million in 2030 [4].

Furthermore, an increased demand for DC fast charging units is pre-
dicted in the report for urban areas in particular [4]. This is motivated
by the increasing prioritization of shared cars or electric taxis in these
urban areas. They recommend introducing charging parks at easily
accessible locations, with dedicated parking spots for electric taxis
and shared EVs, notably in cities. Nicholas and Wappelhorst estimate

6 Reducing grid peak load through the coordinated control of battery energy storage systems located
at electric vehicle charging parks
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in a report about regional charging infrastructure requirements that
the number of DC fast charging stations in Germany will quadruple
from about 2000 in 2018 to about 8000 in 2030 [5]. Both studies
as well as recently published papers [6,7] identified that existing grid
infrastructure is not capable to include the additional power of such
charging parks. While this paper examines the possibility of reducing
peak power at the PCC in distribution grids in urban areas using
coordinated controlled BESSs located at these charging parks, different
other approaches are currently being discussed in the literature, both
with and without BESS, that aim to meet these challenges.

First, conventional grid reinforcement or transformer upgrading
may enable the integration of more EVs, as investigated by Brinkel
et al. [8]. It was shown with a multi-objective optimization that in
most cases, the advantages of EV charging with a higher transformer
capacity limit do not outweigh the disadvantages, such as the costs and
emissions generated by reinforcing the transformer. In their analysis,
Pudjianto et al. [9] forecast in their study related to Great Britain’s
distribution grid that massive grid reinforcement will be required,
costing up to £36bn by 2050. They propose a number of various smart
charging strategies to reduce the costs, but none of these are able to
eliminate grid reinforcement completely.

Second, several vehicle-to-grid (V2G) approaches exist by which to
reduce the peak power in distribution grids. V2G enables bidirectional
power flow at a charging station. An overview of the V2G concept
and possible V2G services is presented by both Tan et al. [10] and
Kempton et al. [11]. Sovacool et al. [12] have published a review of
the neglected social dimensions, such as user behavior and acceptance.
They conclude that neither the political framework nor the interest of
consumers is taken into account in the majority of V2G approaches.
Another disadvantage is the impact of V2G applications on vehicle
battery lifetime due to a higher cyclic aging, as proposed by Wang
et al. [13] and Jafari et al. [14].

Third, a number of researchers, such as Hanemann et al. [15,16] are
examining the effect of using different smart charging strategies. The
authors describe the impact on the power grid of applying a number
of different EV charging strategies and conclude that as a side effect
the curtailment of renewable energy sources can be reduced by smart
charging strategies. However, they focus on the effects on spot market
and CO2 prices rather than on the effect on the distribution grid. The
studies by Mehta et al. focuses on how to achieve optimal integration
of EVs in a distribution grid [17,18]. Their strategies achieve both
economic benefits in terms of daily costs and technical benefits in terms
of peak load reduction and optimized active and reactive power flow.
As with the V2G strategies, however, it must also be assumed here that
users will provide their EVs for those smart charging strategies and
therefore expect longer charging times.

Finally, BESS can also be used as an alternative to conventional
grid reinforcement. The various approaches and their advantages and
disadvantages will be discussed in more detail in the following. A
general overview of state-of-the-art stationary BESSs based on lithium-
ion batteries (LIBs) is provided among others by Diouf et al. [19] and
Hesse et al. [20].

In the context of state-of-the-art peak shaving, Gimelli et al. [21]
and Martins et al. [22] have investigated on an optimal sizing and
design of the BESS, but neither has examined the effects on the dis-
tribution grid.

Reihani et al. [23] conducted an analysis of peak shaving on an
island in Hawaii with a high share of renewable energy sources. Here,
however, the focus was more on forecasting than on operation of the
BESS itself. The work by Schram et al. [24] and Nykamp et al. [25]
focuses on the behavior of a single BESS operated in a peak shaving
application. Chapaloglou et al. [26] and Prvins et al. [27] both intro-
duced a novel approach to an optimized energy management algorithm
for peak shaving applications in selected distribution grids.

Summarizing the literature, there seems to be a consensus that a
high EV-share is coming along with an increased number of charging

parks requires adaptations or new solutions in the power grid, espe-
cially in urban areas. None of the authors mentioned have considered
the possibility of coupling multiple BESSs to reduce the peak power
at the PCC in existing distribution grids and consequently to avoid or
decelerate grid reinforcement requirements.

1.1. Scope of the study

This paper presents a method of reducing the peak power at the
PCC in existing urban distribution grids in which a high share of EVs
results in an increasing energy demand. A number of BESSs are located
at various charging parks where the energy management systems are
coordinated controlled with the aid of a linear optimization frame-
work (lp_opt) which was adapted and expanded in the context of this
study [28]. The stress on the stationary BESSs is evaluated by adapting
a software framework for storage systems (SimSES) [29]. The impact on
the distribution grid is analyzed by using a simulation tool for electric
distribution grid optimization (eDisGo) [30].

This combination of previously disjointed tools within a newly
developed interconnected simulation framework (open_BEA) leads to a
more realistic simulation of the effects of BESSs over different locations
on the distribution grid. The coordinated control method developed in
this study is applied to an exemplary grid that comprises a MV grid with
146 underlying LV grids [30]. The charging parks are located by the MV
grid, and the results are compared with a state-of-the-art peak shaving
strategy for each BESS, initially developed by Oudalov et al. [31]. The
MV grid is connected to the high voltage (HV) level via a transformer
at a single substation (PCC). Both the peak load of the charging parks
and the nominal energy of the BESSs are varied to analyze the effects
in different cases. Fig. 1 illustrates the scope of the paper in detail.

The highlights of this paper can be summarized as follows:

• A new framework called open_BEA is developed to connect previ-
ously disjointed tools to enable accurate co-simulations of BESSs
and distribution grids.

• The impact of BESSs, located at charging parks, is evaluated on
the basis of peak load reduction at the PCC with varying EV-share
and BESS capacities.

• A strategy is developed to control and coordinate the charging
and discharging of the BESSs. The method is applied to a test dis-
tribution grid and compared with a state-of-the-art peak shaving
strategy.

• Each BESS is evaluated using various key performance indicators
along with its impact on the distribution grid.

• It is shown that the coordinated control strategy can significantly
reduce the peak load on the PCC. This opens up new possibilities,
allowing the grid operator to avoid grid reinforcement without
influencing EV owners with reduced charging power or V2G
strategies.

• The open-source code available to the research community is
easily adaptable with individual parameter sets. Consequently,
researchers or grid operators can use the method on their own
storage systems or grid areas with individual charging park loca-
tions.

1.2. Outline of the paper

The remainder of this paper is structured as follows: Section 2 de-
scribes the open-source simulation tools eDisGo, SimSES and open_BEA.
The problem formulation, objective function and constraints are pre-
sented in Section 3. Section 4 gives an overview of the test distribution
grid, the origin of the input profiles and the settings applied in this
study. The results of the simulations are presented and discussed in
Section 5, while Section 6 concludes the paper with an outlook of future
work.
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Fig. 1. Graphical overview of the paper. Several battery energy storage systems
(BESSs), modeled in detail as shown in the blow-up, located at three different charging
parks, are able to communicate with each other. They are coordinated and controlled
by a central control unit to reduce the peak power at the point of common coupling
(PCC).

2. Simulation framework and methodology

This section describes the newly developed interconnected simu-
lation framework open_BEA, the expanded linear programming opti-
mization tool lp_opt and the adaptation of the existing tools (eDisGo,
SimSES), which are used in this study. Fig. 2 is a schematic representa-
tion of the functionalities and the information flows of the four different
tools. All simulation tools used in this study are entirely open-source.1,2

A description of further functionalities of all simulation tools can be
found in Appendix A.

Fig. 2. Flowchart of all open-source simulation tools developed, expanded or adapted
for use in this study. The newly developed tool open_BEA operates as both a central
control unit and a configuration unit. The adapted tools eDisGo and SimSES are
validation tools for both the distribution grid and the battery energy storage systems
(BESSs). With the help of lp_opt the energy management of all BESSs is controlled
coordinated.

The purpose of the individual simulation tools and the flow of
information and data is described step by step below:

1 open_BEA, SimSES and lp_opt: https://www.ei.tum.de/en/ees/research-
teams/team-ses/system-analytics-and-integration/.

2 eDisGo: https://github.com/openego/eDisGo.

1. Initial setting: Within the newly developed open-source simu-
lation tool open_BEA, the initial setting including the simulation
duration, step size, and test grid is defined. Individual load
demands are assigned to the various actors in the grid, such as
domestic or industrial consumers.

2. Initial power flow analysis: Based on the load demands from
the first step, the eDisGo software performs a power flow anal-
ysis for a selected period. In this step, the power flow analysis
is conducted without charging parks and storage systems. The
power flow results for all steps at all nodes and lines as well as
the power at the PCC are transferred back to open_BEA for the
next simulation step.

3. Charging parks integration: In addition to the first step, the
number, locations, and load time series of charging parks are
defined and integrated into the simulated grid.

4. Power flow analysis including charging parks: Here, the
eDisGo software performs a power flow analysis with charging
parks. The power flow results for all steps at all nodes and lines
as well as the power at the PCC are again transferred back to
open_BEA for the next simulation step.

5. Optimized BESSs power calculations: Within open_BEA, the
linear optimization tool lp_opt is launched. The expanded tool
calculates an operation strategy for each BESS, limited by lin-
earized constraints due to the distribution grid and the BESS.
Aiming to reduce the peak power at the PCC, a linearized power
flow from the BESSs to the PCC is assumed within the tool. The
(dis-)charging strategy is introduced in Section 3.

6. BESSs validation: The tool SimSES is used for validating BESS
time series from the optimized BESSs power calculations. This
enables both the losses and the degradation to be determined
and allows the data (time series) to be fed back to open_BEA.

7. BESSs integration: In addition to step 3 BESSs including their
dis(-charging) time series, located at charging parks, are inte-
grated into the simulated grid.

8. Power flow analysis including BESSs: Here, the eDisGo soft-
ware performs a power flow analysis with charging parks and
BESSs. The power flow results for all steps at all nodes and
lines as well as the power at the PCC are again transferred
back to open_BEA for the analysis and visualization. This step
is necessary to validate the linearized power flow from step 5.

9. Result analysis and visualization: Finally, the effects of the
charging parks and the BESSs on the power flow at the PCC are
analyzed. In addition, the stress on the BESSs are evaluated using
a defined set of key performance indicators.

3. Problem formulation and coordinated control strategy

3.1. Problem definition

An increased number of charging stations can cause higher load
peaks in distribution grids, which can subsequently lead to overloading
of existing grids. BESSs are a possible solution in order to avoid grid
reinforcement and avoid influencing EV owners with reduced charging
power or V2G strategies. While at present BESSs usually work in stand
alone mode in accordance with state-of-the-art peak shaving, this study
shows the possibility of reducing peak power at the PCC in distribution
grids in urban areas using coordinated controlled BESSs located at
charging parks. The following sections describe the strategy used to
reduce the peak power of the HV/MV transformer (PCC).

Fig. 3 shows an extended graphical representation of the study along
with an overview of all denotations of the optimization framework de-
veloped in this section. A variable marked with an asterisk (∗) indicates
that charging parks are included. Each charging park is equipped with
a BESS. The BESSs are operated by a central control unit developed
as part of this study, which can access the load at the PCC, the line
loads and the demand of the charging parks. The central controller unit
calculates a (dis-)charging strategy for each BESS, limited by a handful
constraints due to the distribution grid and the BESS.

6 Reducing grid peak load through the coordinated control of battery energy storage systems located
at electric vehicle charging parks
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Fig. 3. Extended graphical representation of this study including all denotations from
the optimization framework. A variable marked with an asterisk (∗) indicates that
charging parks are included.

3.2. Problem formulation

Eq. (1) defines the vector 𝐍 for all nodes b within the described
distribution grid, with a total number of nodes B:

𝐍 =
[
1,… , b,… ,B

]T (1)

The time step 𝑡 within a defined time horizon T is defined by a vector
H as shown in Eq. (2):

𝐇 = [1,… , 𝑡,… ,T] (2)

The apparent power Sb𝑡 at each node b for each time step 𝑡 before
integrating charging parks is defined by a matrix 𝐒 (Eq. (3)):

𝐒 =

⎛⎜⎜⎜⎜⎜⎝

S11 ⋯ S1𝑡 ⋯ S1T
⋮ ⋱ ⋮ ⋱ ⋮
Sb1 ⋯ Sb𝑡 ⋯ SbT
⋮ ⋱ ⋮ ⋱ ⋮
SB1 ⋯ SB𝑡 ⋯ SBT

⎞⎟⎟⎟⎟⎟⎠

(3)

The current Ib𝑗→b𝑘
𝑡 for a specific line between two specific nodes b𝑘

and b𝑗 at each time step 𝑡 before integrating charging parks is defined
by a vector 𝐈b𝑗→b𝑘 as shown in Eq. (4). If two nodes are not linked to
each other, this value in the matrix remains 0:

𝐈b𝑗→b𝑘 =
[
Ib𝑗→b𝑘
1 ,⋯ , Ib𝑗→b𝑘

𝑡 ,⋯ , Ib𝑗→b𝑘
T

]
∀ b𝑗 ∈ 𝐍, b𝑘 ∈ 𝐍, b𝑗 ≠ b𝑘 (4)

The apparent load SPCC𝑡 at the PCC for each time step 𝑡 before
integrating charging parks is defined by a vector 𝐒𝑃𝐶𝐶 (Eq. (5)):

𝐒𝐏𝐂𝐂 =
[
SPCC1 ,… ,SPCC𝑡 ,… ,SPCCT

]
(5)

The charging park power SCP,b𝑡 for each time step 𝑡 at each node b
for each charging park with a coupled BESS results in a power matrix
𝐒𝐶𝑃 as shown in Eq. (6). If a node has no charging park, this value in
the matrix remains 0:

𝐒𝐂𝐏 =

⎛
⎜⎜⎜⎜⎜⎝

SCP,11 ⋯ SCP,1𝑡 ⋯ SCP,1T
⋮ ⋱ ⋮ ⋱ ⋮

SCP,b1 ⋯ SCP,b𝑡 ⋯ SCP,bT
⋮ ⋱ ⋮ ⋱ ⋮

SCP,B1 ⋯ SCP,B𝑡 ⋯ SCP,BT

⎞
⎟⎟⎟⎟⎟⎠

(6)

The apparent load S∗,PCC𝑡 at the HV/MV transformer (PCC) for the
time horizon T after integrating charging parks at various nodes b is
defined by a vector 𝐒∗,𝑃𝐶𝐶 in Eq. (7):

𝐒∗,𝑃𝐶𝐶 =
[
S∗,PCC1 ,… ,S∗,PCC𝑡 ,… ,S∗,PCCT

]
(7)

The same applies to the matrix 𝐈∗,b𝑗→b𝑘 , i.e. the current I∗,b𝑗→b𝑘
𝑡 for

each line after integrating charging parks at various nodes b (Eq. (8)):

𝐈∗,b𝑗→b𝑘 =
[
I∗,b𝑗→b𝑘
1 ,⋯ , I∗,b𝑗→b𝑘

𝑡 ,⋯ , I∗,b𝑗→b𝑘
T

]
∀b𝑗 ∈ 𝐍, b𝑘 ∈ 𝐍, b𝑗 ≠ b𝑘

(8)

3.3. Coordinated control strategy

The objective is to minimize the peak apparent load S∗,PCC𝑡 at the
PCC for the time horizon T after integrating charging parks at various
locations b. Therefore the objective function is defined in Eq. (9):

minimize ∶
{
max

(
S∗,PCC𝑡

)}
∀ 𝑡 (9)

The load at the PCC S∗,PCC𝑡 for all time steps 𝑡 after integration of the
charging parks with a coupled BESS is calculated in Eq. (10), while 𝜂b
is the efficiency between the PCC and a specific node b. The charging
power 𝑃 charge,b

𝑡 and the discharging power 𝑃 discharge,b
𝑡 for a BESS at a

specific node b are included in the coordinated control strategy together
with a power factor cos𝜑. The power factor cos𝜑 and the efficiency 𝜂b
within the optimization framework (coordinated control strategy) is set
to a constant factor (in this study to 1), which is necessary to perform
a linear optimization:

S∗,PCC𝑡 = SPCC𝑡 +
∑
b∈𝐍

(
SCP,b𝑡
𝜂b

+
𝑃 charge,b
𝑡

𝜂b ⋅ cos𝜑
−

𝑃 discharge,b
𝑡
cos𝜑

⋅ 𝜂𝑏

)
∀ 𝑡 (10)

The power of each BESS is only subject to the following restrictions in
Section 3.5 and thus is controlled coordinated by this objective function
aiming to minimize the peak power at the PCC.

3.4. Optimization constraints: Distribution grid

In addition to the objective function (Eq. (9)), the grid is subject to
distribution line loading constraints. First of all, the line loads I∗,b𝑗→b𝑘

𝑡
have to be below their maximum rated current Ib𝑗→b𝑘

max as shown in
Eq. (11).

I∗,b𝑗→b𝑘
𝑡 ≤ Ib𝑗→b𝑘

max ∀ b𝑗 ∈ 𝐍, b𝑘 ∈ 𝐍, b𝑗 ≠ b𝑘 (11)

The line loads I∗,b𝑗→b𝑘
𝑡 after the charging park integration (SCP,b𝑡 ) are

calculated according to Eq. (12), where U is the single phase voltage.

I∗,b𝑗→b𝑘
𝑡 = Ib𝑗→b𝑘

𝑡 +
∑
b∈𝐍

(
SCP,b𝑡
U

+
𝑃 charge,b
𝑡

U ⋅ cos𝜑
−

𝑃 discharge,b
𝑡
U ⋅ cos𝜑

)
∀ 𝑡 (12)

3.5. Optimization constraints: Battery energy storage system

Furthermore, the BESS is also subject to a number of boundary
conditions as described in the constraints Eqs. (13) – (17). The state of
energy (SOE) must remain within the given bounds SOEmin and SOEmax.
The nominal energy content of a BESS is denoted as 𝐸nominal, and the
actual energy content for a specific time step 𝑡 of a BESS is denoted as
𝐸actual,b
𝑡 .

SOEmin ⋅ 𝐸nominal ≤ 𝐸actual
𝑡 ≤ SOEmax ⋅ 𝐸nominal (13)

The charging and discharging power (𝑃 charge,b
𝑡 and 𝑃 discharge,b

𝑡 ) for
each time step 𝑡 and each BESS has to be lower than the respective
maximum energy rate (erate) of the storage technology. In charging
direction, the maximum erate is denoted as 𝐸charge,b

𝑡 and in discharging
direction as 𝐸discharge,b

𝑡 .

𝑃 charge,b
𝑡 ≤ echarge𝑟𝑎𝑡𝑒 ⋅ 𝐸nominal ∀ b (14)

𝑃 discharge
𝑡 ≤ edischarge𝑟𝑎𝑡𝑒 ⋅ 𝐸nominal ∀ b (15)
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The charging and discharging powers (𝑃 charge,b
𝑡 and 𝑃 discharge,b

𝑡 ) are
also limited by the rated power 𝑃 rated of the power electronics.

𝑃 charge,b
𝑡 ≤ 𝑃 rated ∀ b (16)

𝑃 discharge,b
𝑡 ≤ 𝑃 rated ∀ b (17)

The energy conservation of a BESS is defined in Eq. (18) and applies
to any storage system at various nodes b. The actual energy content
𝐸actual,b
𝑡 of a BESS depends on the energy content of the previous time

step, the charged energy 𝐸charge,b
𝑡 and the discharged energy 𝐸discharge,b

𝑡 .

𝐸actual,b
𝑡 = 𝐸actual,b

𝑡−1 + 𝐸charge,b
𝑡 − 𝐸discharge,b

𝑡 (18)

3.6. Reference case: State-of-the-art peak shaving

Motivated by a tariff system consisting of an energy and a power re-
lated component, the aim of state-of-the-art peak shaving is to minimize
the maximum power peak value at one specific node b within a defined
billing period. Particularly large electricity consumers with an annual
demand above a certain limit (in Germany 100 MWh [32]) can reduce
the peak power provided by the power grid, which directly results in
reduced operating expenses in the form of reduced grid charges.

In order to reduce the peak power at a specific node b, the excess
demand has to be covered by another power providing unit, such as a
diesel generator or in our case a BESS. The BESS is used to decouple the
supply and demand over a specified time. Consequently, it is essential
to find a peak shaving threshold above which the power is provided by
the BESS. First, a pre-processing linear optimization algorithm similar
to that described in other publications [33,34] is used to minimize the
power value of the peak shaving threshold PSthreshold, while complying
with the necessary constraints, such as meeting the power demand and
satisfying the energy and power specifications of the BESS. Secondly,
the resulting peak shaving threshold is used as an input parameter for
the operation strategy within the open_BEA simulation tool.

In this study the state-of-the-art peak shaving strategy is used as
follows: as long as the power of the consumer at a specific node b ex-
ceeds a specified threshold, the additionally required power is provided
by the BESS. In addition, the BESS will recharge if the power value is
below the previously determined optimal peak shaving threshold. This
ensures that storage system charging does not cause the exceedance of
the threshold. A more detailed description of the state-of-the-art peak
shaving strategy is given by Martins et al. [22]. In Section 5, this state-
of-the-art peak shaving strategy will be compared to the coordinated
control strategy introduced in this study.

4. Test grid and applied settings

This section describes the test distribution grid and the applied
settings used in the study. It also explains the main parameters of the
example grid, the settings for the DC charging stations, and the load
profiles used. Finally, it presents the settings and parameters relating
to the BESS. However, the method presented in this paper is also
applicable to other scenarios and grids.

4.1. Example grid

In order to apply and test the coordinated control strategy intro-
duced in this paper, a synthetic test grid is selected consisting of a MV
grid and 146 underlying LV grids [30]. This MV distribution grid is
connected to the HV level via a transformer at a single substation (PCC),
and the MV grid is operated as an open loop, which reflects the most
common topology encountered in Germany [30]. The basic structure of
the grid is presented in Table 1 and illustrated in Fig. 4.

Table 1
Parameters and settings of the synthetic distribution grid used in this study. The grid
is connected to the high voltage level via a transformer at a single substation and is
operated as an open loop.

Parameter/Setting Number Unit

Industrial consumers 82 –
Residential consumers 5787 –
Minimum annual consumption of a single consumer 1.3 MWh
Maximum annual consumption of a single consumer 7844.7 MWh
Total annual consumption excluding charging parks 31 953.0 MWh
Circuit breakers 4 –
LV lines 18 209 –
MV lines 225 –
Maximum load at the PCC 11.1 MW

4.2. Charging stations

The distribution of the charging stations is based on the work done
by Luo et al. [35]. Accordingly, DC fast charging stations are mainly
situated at locations with short parking times or those preferred by
shared mobility users, such as shopping areas. We therefore allocated
three charging parks in our test grid at different nodes that best fit these
criteria. Fig. 4 shows the locations of the charging stations in the test
grid.

A peak load of 350 kW is assumed for the DC fast charging units,
which is in line with currently common fast chargers [36]. To eval-
uate different future scenarios, the DC fast charging stations at each
of the charging parks were increased from two units to eight units.
Accordingly, eight units are the equivalent of a peak load of 2.8 MW.

Fig. 4. Graphical representation of the test distribution grid showing the locations of
the three charging parks with a battery energy storage system (BESS) connected (green).
The circuit breakers are marked in gray, the MV/LV transformers are marked in light
blue, the PCC in red and all branch tees in dark blue. As shown in the blow-up one
BESS is connected to each charging park.

4.3. Load profiles

The simulation uses different load profiles for residential and in-
dustrial consumers. The 74 household loads used were created and
published by HTW Berlin [37]. The industrial profiles are provided by
industry partners of the Technical University of Munich. Of these, the
three exemplary profiles that were determined as reference profiles in
previous publications are used [38,39].

The load profiles of the EV charging stations have been examined
by the Reiner Lemoine Institute. Based on the work of Nobis and
Kuhnimhof [40], three different types of load profiles for charging
parks have been defined. The profiles differ in time, frequency and peak
load duration, depending on their position. Fig. 5 shows exemplary
daily load profiles of the three charging parks used in this study.

6 Reducing grid peak load through the coordinated control of battery energy storage systems located
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Fig. 5. Daily profile of the three different DC fast charging parks with an exemplary
maximum power of 350 kW each.

The energy consumption of the charging parks is converted into a
proportion of the total energy consumption (EV-share). For example,
at each of the three charging park locations, the peak load is 700 kW,
which corresponds to two DC fast charging units. This setting account
for 4% (1.28 MWh) of the total energy consumption (31953 MWh as
shown in Table 1) of the test distribution grid. With three DC fast
charging units per charging location, the EV-share is 6%. The maximum
EV-share considered in this study is 16%, which corresponds to eight
DC fast charging units. Eight of these units are equivalent to a 2.8 MW
peak load at each charging park, and this maximum was chosen so
as not to exceed the maximum connection power to common MV
nodes [41].

4.4. Battery energy storage system setting

The SimSES simulation tool, described in Appendix A.2 is used
to validate the behavior of the BESS. The parameters and settings
shown in Table 2 are used in this paper to represent and simulate
a realistic BESS. A LIB with a lithium-iron-phosphate (LFP) cathode
and a carbon/graphite (C) anode is selected [42]. This type of cell
is particularly suitable for stationary applications due to its higher
cycle durability [43,44]. The capacity of the BESS starts with 200 kWh
increasing in increments of 200 kWh up to 2 MWh, again to ensure a
connection to common MV nodes [41]

The power electronics (AC/DC converter) is modeled with a high
efficiency above 10% of the rated power 𝑃 rated and the current charging
power 𝑃 charge,b

𝑡 or discharging power 𝑃 discharge,b
𝑡 of a BESS, as shown in

the example for charging case at a specific node b for a specific time
step 𝑡 in Eq. (19) [45]. In this study the following exemplary values
are used: for the load dependent part k = 0.0345 and for the load
independent part p0 = 0.0072. The efficiency 𝜂PE is independent of
the direction of the power flow and there is no hysteresis. Maximum
efficiency is attained at 0.46⋅ 𝑃 rated with an efficiency of 𝜂PE = 96.9%.
The maximum energy rate of the BESS (erate) in the discharging direc-
tion is set to a typical value of 2 h−1. In accordance with the type of
battery cell, the maximum erate in the charging direction is set to 1 h−1.
The battery management system (BMS) is configured such that the SOE
remains within the range of 5-95%. The SOE at the beginning of the
simulation is set to 50%.

𝜂PE =
𝑃 charge,b
𝑡
𝑃Rated

𝑃 charge,b
𝑡
𝑃Rated + p0+𝑘 ⋅

(
𝑃 charge,b
𝑡
𝑃Rated

)2 (19)

Table 2
Parameters and settings of the simulated battery energy storage system (BESS)
comprising battery cells, a power electronics unit and a battery management system
(BMS).

Parameter/Setting Description/Value Unit

Battery cell manufacturer muRata –
Battery cell type US26650FTC1 –
Battery cell chemistry LFP:C –
Battery cell capacity 2850 mAh
Nominal cell voltage 3.2 V
Power electronics cf. Eq. (19) –
Maximum efficiency of power electronics 96.9 %
Maximum erate (discharge) 2 h−1
Maximum erate (charge) 1 h−1
Capacity per storage system 200–2000 kWh
SOE range 5–95 %
SOE start 50 %

4.5. Simulation settings

In order to take into account seasonal fluctuations, a simulation du-
ration of six months from January to June is selected for the simulation.
This enables reliable results (e.g. aging behavior) to be obtained for the
BESS. The simulation step size chosen is 15 min. Hence, the profiles
from Section 4.3, which have a higher time resolution, are averaged.
The 15 min time steps represent a compromise between the duration
of the simulation and the accuracy of the input profiles.

5. Results and discussion

This section discusses the impact of coordinated controlling the
BESSs on the test distribution grid for a six months simulation period.
For this purpose, the load flows and potential reductions in peak load
at the PCC are evaluated in detail and compared to the results obtained
with a state-of-the-art peak shaving algorithm. The effects of this and
the resulting stress on the BESS are also investigated.

5.1. Reference case: State-of-the-art peak shaving

Fig. 6 shows the peak load change at the PCC in the form of a
contour plot of a state-of-the-art peak shaving strategy, outlined in
Section 3.6. Peak load reduction or increase in Fig. 6 refers to the
scenario without charging parks (0% EV-share). The capacity of the
BESS starts with 200 kWh increasing in increments of 200 kWh up to
2 MWh, while the EV-share increased in two percentage point steps
from 4% to 16%. Positive values in the contour plot (dark blue areas)
indicate the settings with a peak load reduction at the PCC, but since
the BESSs are directly coupled to the charging parks and only shave
the additional peaks occurring due to EVs, there are no significant peak
reductions at the PCC.

Even if the BESSs are able to shave the entire peak, there are
increases in the load at the PCC compared to the scenario without
EVs, especially in an area with a high EV-share and large BESSs. These
slight increases, indicated in yellow and red in Fig. 6, are due to
the immediate recharging of the BESSs. This occurs especially when
a charging park has already fallen below its peak shaving limit and
the BESS is recharging, while the load at the PCC is still close to peak
level. The additional power that the BESS at this point of time needs
to recharge leads to an increase in the load at the PCC up to 7.5%
compared to a scenario without EVs.

Hence, state-of-the-art peak shaving BESSs located at charging parks
can help to avoid significant increases in the peak load at the PCC when
the EV-share is rising, but it is these results, obtained for state-of-the-
art peak shaving, which motivate the introduction of a coordinated and
controlled strategy for the three BESSs.

Fig. 7 supports this statement, showing the power flow including the
charging park load profiles at the PCC for one exemplary day for the
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Fig. 6. Peak load reduction contour plot relating to a scenario without electric vehicles
(EVs) at the point of common coupling (PCC) with increasing EV-share and battery
energy storage systems (BESSs) of different sizes coupled to charging parks. The BESSs
operate in stand alone mode in accordance with state-of-the-art peak shaving.

following scenario: 16% EV-share, and storage capacities of 800 kWh.
The filled area (LoadPCC,PS) shows the power flow after including the
charging parks and the BESSs are operating with a state-of-the-art peak
shaving strategy. The charging parks are displayed in total (LoadCP,tot )
and the load at the PCC is displayed both with (LoadPCC,with CP) and
without (LoadPCC,woCP) charging parks. The first peak of the charging
station between 5:00 and 8:00 am is contrary to the peak at the PCC
without EVs (LoadPCC,woCP). Although this peak is shaved by the BESS
unit using state-of-the-art peak shaving, there is no peak load reduction
at the PCC, because the peak only occurs later that day. However,
the peaks in the charging parks between 12 noon and 19:00 cause
peaks in the distribution grid are not entirely shaved by the BESSs. By
comparison with Fig. 5, it can be identified that only two out of three
charging parks account for the additional peak, consequently only two
BESSs are discharging in this time period and thus not the full available
power of all three BESSs is used to reduce the peak load at the PCC.

Fig. 7. Power flow including the charging park load profiles (LoadCP,tot ) at the point
of common coupling (PCC) for one exemplary day. The load at the PCC is displayed
both with (LoadPCC,with CP) and without (LoadPCC,woCP) charging parks. The battery energy
storage systems (BESSs) operate in stand alone mode in accordance with state-of-the-art
peak shaving and the resulting power flow is showed as a filled area (LoadPCC,PS).

5.2. Coordinated control strategy: Distribution grid results

The settings and case studies described in Section 4 are tested
under application of the presented coordinated control strategy. Fig. 8

illustrates the peak load change at the PCC as a contour plot. Peak load
reduction or increase in Fig. 8 refers to the scenario without charging
parks (0% EV-share). The capacity of each BESS starts with 200 kWh
increasing in increments of 200 kWh up to 2 MWh, while the EV-share
increased in two percentage point steps from 4% to 16%. Positive
values in the contour plot (dark blue areas) indicate the settings with
a peak load reduction at the PCC.

A trend can be seen, in that the greater the storage capacity, the
greater the peak reduction. As mentioned in Section 4, the peak load
in the test distribution grid without EVs is 11.1 MW and the maximum
peak load reduction of 44.9% (dark blue area in Fig. 8) at the PCC
compared to a scenario without EVs occurs at the largest BESS capacity
(2 MWh each) and the smallest EV-share (4%). Although each BESSs
could theoretically discharge up to 4 MW (cf. Table 2), which would
be 12 MW in total, no higher peak load reduction can be achieved. The
reason for this behavior is that the power capability of the BESS is
usually the limiting factor for the high peaks, while the peaks in the
test distribution grid are wider with a low shaving limit and thus the
energy content is limited.

Fig. 8. Peak load reduction contour plot relating to a scenario without electric vehicles
(EVs) at the point of common coupling (PCC) with an increasing EV-share and battery
energy storage systems (BESSs) coupled to charging parks. The BESSs operate in
accordance with the coordinated and coupled energy management system developed
in this study.

However, the peak reduction only increases linearly up to a BESS
capacity of 800 kWh, while saturation behavior sets in above 800 kWh
BESS capacity. The trend lines for a given EV-share are shown in
Fig. 9. Here, the abscissa shows the increasing BESS capacity, while the
ordinate shows the peak load reduction relating to a scenario without
EVs at the PCC. The reason for the saturation behavior is again that
with higher BESS capacities and thus lower peak shaving limits the
energy content is the limiting factor. With the physical link between
energy and power not only the height of the power peak, but also the
integral of the power needs to be covered by the BESSs. Up to an EV-
share of 10%, charging parks are not responsible for peaks in the test
distribution grid and for this reason, no differences can be seen in the
trend lines in Fig. 9 for an EV-share of 4 to 8% up to a BESS capacity
of 800 kWh.

This is supported by Table 3, where the peak load at the PCC is
shown for all scenarios. However, from a storage size of 1 MWh onward,
peaks that already include a power demand from the charging park
can be shaved, resulting in slight differences in the trend lines. Only
from 10% EV-share, the peak load at the PCC exceed the 11.1 MW of
the initial scenario without EVs. In the test setting, the charging parks
provide the highest peaks with 12.1 MW in the distribution grid with an
EV-share of 16% as shown in Table 3. Nevertheless, even with a 16%
EV-share, the three smallest simulated BESSs (200 kWh each) are able
to ensure that the PCC is not subjected to greater peak loads than in a
scenario without EVs.
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Table 3
Peak load at the point of common coupling (PCC) in MW in the test distribution grid for a scenario without charging parks and for all case studies with and without battery
energy storage systems (BESSs). The maximum load at the PCC is 11.1 MW without both charging parks and BESSs.

Initial capacity in kWh EV-share in %

4 6 8 10 12 14 16

No With No With No With No With No With No With No With
BESS BESSs BESS BESSs BESS BESSs BESS BESSs BESS BESSs BESS BESSs BESS BESSs

200

11.1

10.0

11.1

10.0

11.1

10.0

11.2

10.2

11.5

10.5

11.8

10.8

12.1

11.1
400 8.9 8.9 8.9 9.0 9.4 9.9 10.0
600 7.9 7.9 7.9 8.0 8.3 8.6 8.9
800 7.2 7.2 7.2 7.2 7.3 7.6 8.0
1000 6.9 6.9 7.0 7.0 7.1 7.4 7.7
1200 6.7 6.7 6.8 6.9 7.0 7.2 7.5
1400 6.5 6.6 6.7 6.8 6.9 7.0 7.3
1600 6.4 6.5 6.6 6.6 6.7 6.8 7.1
1800 6.3 6.4 6.4 6.6 6.6 6.8 6.9
2000 6.1 6.2 6.3 6.4 6.5 6.6 6.8

Fig. 9. Trend lines showing the reduction in peak load relating to a scenario without
electric vehicles (EVs) at the point of common coupling (PCC) with an increasing EV-
share and battery energy storage systems (BESSs) coupled to charging parks. The BESSs
operate in accordance with the coordinated and coupled energy management system
developed in this study.

Fig. 10 shows the power flow including the charging park load
profiles at the PCC for one exemplary day for the following scenario:
16% EV-share, and storage capacities of 800 kWh. The filled area
(LoadPCC,opt ) shows the power flow after including the charging parks
and the BESSs are operating with coordinated control strategy. The
charging parks are displayed in total (LoadCP,tot ) and the load at the
PCC is displayed both with (LoadPCC,with CP) and without (LoadPCC,woCP)
charging parks. The first peak of the charging station between 5:00
and 8:00 am is contrary to the peak at the transformer without EVs
(LoadPCC,woCP). While this peak is shaved by the BESS unit using state-
of-the-art peak shaving (cf. Fig. 7), the BESSs do not discharge with
the coordinated and coupled strategy, since there would be no load
reduction on the PCC.

The peaks in the charging parks between 12 noon and 19:00 cause
peaks in the distribution grid which are shaved by the BESSs. The
peak load at the PCC here is 7.9 MW, which corresponds to the 28.4%
peak reduction in the scenario without EVs, as shown in the contour
plot Fig. 8. Although each BESSs in this scenario could theoretically
discharge up to 1.6 MW (cf. Table 2), which would be a load reduction
of 4.8 MW in total (43.2%), no higher peak load reduction can be
achieved. Due to the base load, the BESSs can no longer be fully
recharged below a certain peak load limit. As can be seen from Fig. 10,
with a lower peak load limit, the energy (area between peak load limit
(max(LoadPCC,opt )) and LoadPCC,with CP) to be capped would increase and
thus the energy content of the BESSs is limited.

Fig. 10. Power flow including the charging park load profiles (LoadCP,tot ) at the point of
common coupling (PCC) for one exemplary day. is displayed both with (LoadPCC,with CP)
and without (LoadPCC,woCP) charging parks. The battery energy storage systems (BESSs)
operate in accordance with the coordinated and coupled strategy developed in this
study and the resulting power flow is showed as a filled area (LoadPCC,opt ).

5.3. Validation

All numbers in this study refer to results conducted with the non-
linear power flow calculation tool eDisGo. However, as shown in
Section 3.3, within the coordinated control strategy the power flow was
linearized with the aim of performing a linear optimization. Fig. 11
shows the differences between the load flows calculated in the linear
optimizer lp_opt and the load flows on the PCC validated with eDisGo.
The differences are due to cable losses as well as to the non-linearity
on the consumer side and the non-linearity at the power transmission.
The maximum difference, however, is 0.23 MW, which corresponds to
only 2.9% in relation to the maximum load on the PCC in the scenario
without EVs.

When discussing about beneficial effects through coordinated BESS
control, one should also consider the stress of a BESS. Fig. 12 shows the
peak load reduction at the PCC per full equivalent cycle (FEC) for the
six months simulation period. The FECs of all three BESSs are totaled.
Two trends can be identified. First, the lower the BESS capacity, the
greater the peak load reduction per FEC, and second, the lower the
EV-share, the greater the peak load reduction per FEC. Consequently,
small storage system with the only aim, reducing the peak power at the
PCC are more efficient.

Analyzing the aforementioned trends in detail using a key charac-
teristic of BESSs, it can be observed that BESSs with a capacity of less
than 800 kWh are only subjected to a few FECs in the simulation period
as shown in Fig. 13. This figure shows the mean number of FECs of

111



Applied Energy 295 (2021) 116936

10

D. Kucevic et al.

Fig. 11. Power flow comparison at the point of common coupling (PCC) between
the power flow calculation used for the coordinate control strategy (LoadPCC,lp_opt ) and
the non-linear power flow calculation with eDisGo (LoadPCC,eDisGo) for the six month
simulation period.

Fig. 12. Reduction in peak load relating to a scenario without electric vehicles (EVs)
at the point of common coupling (PCC) per full equivalent cycle with increasing EV-
share and battery energy storage systems (BESSs) coupled to charging parks. The BESSs
operate in accordance with the coordinated and coupled energy management system
developed in this study.

the three BESSs after a six month simulation period. Hence, due to the
low stress, the BESSs remain most of the time in a high SOE range
above 90%, which leads to an accelerated calendar degradation with
the modeled battery cell [43].

However, as a result of the low stress, BESSs with an initial capacity
below 800 kWh remain underutilized and it should be considered to use
these for stacking multiple applications [46] - a topic beyond the scope
of this study. Further analyses of storage behavior in different settings
is presented in Appendix B, along with the six key characteristics from
a previous publication [38].

6. Conclusion and outlook

This paper presents a method to reduce the power at the transformer
or PCC in distribution grids with a high share of EVs. Charging parks are

Fig. 13. Mean number of full equivalent cycles (FECs) of the three battery energy
storage systems (BESSs) after a six month simulation period. The BESSs operate in
accordance with the coordinated and coupled energy management system developed
in this study.

located at three different nodes in a representative MV grid, and the EV-
share varied in the course of a sensitivity analysis. At all three nodes,
a BESS with various capacities is coupled and the attendant energy
management system is controlled with the aid of a linear optimization
framework, which was expanded as part of this study. The stress on
the LIB based stationary BESSs is evaluated by adapting the holistic
energy storage simulation framework SimSES, while the impact on the
distribution grid is analyzed using the simulation tool eDisGo. The
open_BEA framework developed as part of this study connects these
previously disjointed tools to enable accurate co-simulations of BESSs
and distribution grids.

The objective function, which has been developed to control and
coordinate the charging and discharging of the BESSs is applied to a test
distribution grid comprising 1 MV grid and 146 underlying LV grids.
In total, there are 82 industrial consumers and 5787 residential con-
sumers. The EV-share in this study starts with 4%, which corresponds
to two DC fast charging units at each charging park, and ends with
16%.

The capacity of the coupled BESSs increases from an initial level of
200 kWh to 2000 kWh. The BESS is simulated in detail with a LFP:C cell
model that comprises a degradation model, a power electronics model
with a representative efficiency curve and a BMS that is responsible for
monitoring the maximum cell currents and SOE limits.

There are no peak reductions at the PCC if the BESSs are operated
in a stand alone mode with a state-of-the-art peak shaving algorithm.
There are even slight increases up to 7.5% of the load at the PCC
compared to a scenario without EVs. For most scenarios, however, no
or only a very small increase in the peak load can be identified. Hence,
state-of-the-art peak shaving BESSs located at charging parks can help
to avoid significant increases in the peak load at the PCC when the
EV-share is rising. Furthermore, individual overloaded or limiting lines
can be relieved with this operation mode.

If the BESSs is operated using the coordinated control method
developed in this study, the peak load at the PCC can be reduced in
all scenarios by a maximum of 44.9%. While the rise in peak reduction
increases linearly with small BESS capacities, a saturation behavior can
be observed above 800 kWh.

The power flow was verified with the eDisGo simulation tool, show-
ing that for the test grid, the linearization in lp_opt produces similar
results as the validated model. The maximum difference of 0.184 MW
corresponds to 1.7% in relation to the maximum load on the PCC in
the scenario without EVs.

6 Reducing grid peak load through the coordinated control of battery energy storage systems located
at electric vehicle charging parks

112



Applied Energy 295 (2021) 116936

11

D. Kucevic et al.

Analyzing the results of the simulation tool for the BESS (SimSES)
shows a clear trend, in that the peak load reduction per FEC decreases
with an EV-share and BESS capacity increase. For a storage capacity
of 200 kWh and a 4% EV-share, a reduction of 3.5% at the PCC can be
achieved, compared to the scenario without EVs. For the largest BESS of
2000 kWh and the highest EV-share of 16%, the reduction is only 0.3%
per FEC. Further key indicators such as the total number of FECs show,
that BESSs with a capacity of less than 800 kWh are only subjected to
a low stress and remain underutilized within the simulation period.

The method presented in this study was applied to an exemplary
grid. The numerical results therefore only apply to this test area. How-
ever, the open-source simulation tools allow operators to investigate
their own distribution grids, and test the impact of various BESS capac-
ities and locations. Both the effect of state-of-the-art peak shaving and
coupled storage systems can be analyzed with the framework developed
in this study.

6.1. Future work and outlook

This study focuses on the technical potential of coupled energy
management systems for a number of BESSs in a distribution grid. The
reduction in the peak load at the PCC can avoid the need to exchange
a transformer or reinforce cables. Future work can therefore focus on
an economic analysis. For example, the cost of installing a BESS can be
compared with the costs of conventional grid reinforcement.

In addition to an economic analysis, it might also be worthwhile to
perform an ecological assessment to enable more precise investigation
of the differences between conventional grid reinforcement and BESSs
installation. While some studies, such as the work done by Baumann
et al. [47], already deal with the CO2 impact of BESSs, there is a
research gap concerning the impact of CO2 caused by conventional grid
reinforcement.

Smart charging strategies or the potential of V2G at residential
charging locations can be used to reduce the stress on the distribution
grid resulting from a high EV-share. Therefore, the simulation tools
presented in this study can be used to investigate the effect of these
strategies on the distribution grid.

Existing peak shaving BESSs can lead to a peak load reduction at
the PCC if the grid operator exchanges his current grid status with the
BESS operator. However, this will require the creation of an economic
and legal framework.
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Appendix A. Simulation framework: Additional description of fur-
ther functionalities

A.1. Open battery models for electrical grid applications

The holistic open-source simulation tool open_BEA developed in
this study enables BESS to be integrated into MV grids as well as LV
grids in order to analyze the effects of the various operating strategies.
The source code is programmed in Python. The main characteristic
is the ability to assign individual time series to the various actors in
the grid, such as domestic or industrial consumers. Furthermore, EV
charging parks are integrated at various nodes to investigate the effects
of increasing the share of electric mobility. open_BEA connects the
following previous disjoint tools to enable accurate co-simulations of
BESSs and distribution grids.

A.2. Simulation of stationary energy storage systems

SimSES, initially developed in MATLAB® [29], was converted to
Python in 2019 and underwent enhancement at the EES institute at the
Technical University Munich. SimSES enables the detailed simulation
and evaluation of stationary energy storage systems, with the main
focus currently on LIBs. The tool has been used in several publications,
mainly for stand alone [48,49] or coupled [28] home energy storage
systems, but also for peak shaving storage systems [22] or frequency
containment reserve applications [38].

The main characteristic of this modular and flexible software tool
is its abstract approach to the energy storage model, which enables the
variation and hybridization of storage technologies and technical sub-
components. In addition, stress characterization estimates the energy
storage degradation. Various semi empirical aging models can be used
for this purpose.

A.3. Software for electric distribution grid optimization

The purpose of the eDisGo software is to perform a power flow anal-
ysis for a certain time period. The processing of the input parameters
(e.g. loads or line impedances) is done with eDisGo, while the single
step non-linear power flow calculation is conducted using the open-
source PyPSA software [50]. The eDisGo tool is implemented in Python
and has been previously used in two studies [30,51].

Apart from this study, eDisGo enables to assess the potential of
flexibility options as an economic alternative to conventional grid
expansion. And thus to assess their potential in lower grid expansion
needs that arise from an increase in both renewable capacities and new
consumers in medium and low voltage grids. Hence, it is necessary in
eDisGo to identify both the grid problems and the costs incurred.

A.4. Linear programming optimization tool for energy storage systems

Like SimSES, the lp_opt tool was developed at the Institute for
Electrical Energy Storage Technology at the Technical University of
Munich. With its flexible structure, it serves as a co-optimization
framework for both stationery and mobile energy storage systems and
their underlying operation strategies. The tool was designed in the
MATLAB® optimization environment using a problem-based approach.
Besides the mathematical optimization solver of MATLAB®, the tool is
also compatible with the Gurobi solver [52]. Both have been presented
in previous literature [28,33].

The operation strategy of either an individual BESS or a multi-
storage system with multiple BESSs can be optimized using lp_opt.
Depending on the defined technical components of the observed energy
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system, there are several entities that can be optimized and simulated,
taking into consideration generating units, demand curves, EVs, their
charging stations, and stationary BESSs.

Appendix B. Coordinated control strategy: Additional battery en-
ergy storage system results

Six characteristics defined in a previous publication are used to
analyze the storage behavior in different settings [38]. The following
figures all show the mean value (characteristic) of the three BESSs
after a six months simulation period based on the setting defined in
Section 4.

Fig. B.14 shows the remaining capacity in %, which is linked to
the mean SOE (Fig. B.15) and the number of FEC (Fig. 13). The
mean round-trip efficiency is displayed in Fig. B.16. The remaining
characteristics describe the stress on the BESSs.

Fig. B.17 shows the average cycle depth in discharge direction.
The number of alternations between charging and discharging (sign
changes) per day is indicated in Fig. B.18, while Fig. B.19 shows the en-
ergy that is charged or discharged between sign changes, respectively.
Finally, Fig. B.20 shows the average resting times.

Fig. B.14. Mean remaining capacity of the three battery energy storage systems
(BESSs) after a six month simulation period. The BESSs operate in accordance with
the coordinated and coupled energy management system developed in this study.

Fig. B.15. Mean state of energy of the three battery energy storage systems (BESSs)
after a six month simulation period. The BESSs operate in accordance with the
coordinated and coupled energy management system developed in this study.

Fig. B.16. Mean efficiency of the three battery energy storage systems (BESSs) after
a six month simulation period. The BESSs operate in accordance with the coordinated
and coupled energy management system developed in this study.

Fig. B.17. Mean depth of cycle in discharge direction of the three battery energy
storage systems (BESSs) after a six month simulation period. The BESSs operate in
accordance with the coordinated and coupled energy management system developed
in this study.

Fig. B.18. Average number of sign changes per day of the three battery energy storage
systems (BESSs) after a six month simulation period. The BESSs operate in accordance
with the coordinated and coupled energy management system developed in this study.
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Fig. B.19. Average energy throughput between sign changes of the three battery energy
storage systems (BESSs) after a six month simulation period. The BESSs operate in
accordance with the coordinated and coupled energy management system developed
in this study.

Fig. B.20. Average resting times of the three battery energy storage systems (BESSs)
after a six month simulation period. The BESSs operate in accordance with the
coordinated and coupled energy management system developed in this study.
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7 Battery energy storage systems as an alternative to
conventional grid reinforcement

Main research question: Are BESSs an economical alternative to conventional grid reinforcement?

While in the previous chapter the focus was on the technical analysis of the effects of established and
developed operation strategies for BESSs on a distribution grid, this publication shows an economic
analysis to determine the possibility of stationary storage systems as an alternative to conventional
grid reinforcement. Costs for BESSs are compared with the costs for cable replacement in the MV grid
and correlations are derived. To analyze future scenarios, predicted costs for both storage systems and
grid reinforcement are included in this study.

Accurate co-simulations with the simulation tools SimSES and eDisGo, which have already been used
several times, allow to apply the cost scenarios to use cases in a test grid. To avoid grid reinforcement,
a BESS is integrated for each potential cable extension in the simulated MV grid. At these positions,
a state-of-the-art peak shaving strategy is deployed by the BESS to reduce the grid load based on the
former publication. For sizing the storage systems at the various positions, an iterative procedure is
used in this publication. This work can be summarized as follows:

• An economic analysis of BESSs is conducted for storage capacities in a range between a few
100 kWh up to someMWh. Three scenarios are derived from the available data.

• The theoretical economic correlation of BESSs and grid reinforcement is applied to a use-case,
by using the simulation tools SimSES and eDisGo.

• In particular, if small storage capacities are necessary to avoid grid reinforcement, grid operators
should consider the possibility of a BESS integration.

The results show, that mainly in urban areas, BESSs can be competitive with conventional grid
reinforcement. This ability to compete will be enhanced in the future. A detailed analysis for the
BESS allows an estimation of additional revenue potential. These insights can be used in future studies
to assign ancillary services, such as FCR, to the BESS with the aim of making it more competitive.

Author contribution Daniel Kucevic was the principal author tasked with coordinating and writing
the paper and developing the simulation framework. Rebecca Meißner assisted with gathering and
preparation of the data as well with the execution and writing of the case studies. Andreas Jossen
contributed via fruitful scientific discussions and reviewed the manuscript. Holger Hesse reviewed the
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ABSTRACT 
 The upcoming transformation from internal 

combustion vehicles to electric vehicles in the private 
transport sector, together with the increasing demand 
for electricity, leads to challenges such as over-loading 
for the power grid. This study shows an economic 
analysis to what extent storage systems can be an 
alternative to conventional grid reinforcement. Current 
and predicted costs for storage systems are compared 
with the costs for cable replacement in the medium-
voltage grid and correlations are derived. Accurate co-
simulations of storage systems and the distribution grid 
allow these cost scenarios to be applied to use cases. In 
order to make the storage system competitive, multi-use 
scenarios can be considered. The detailed simulation 
allow insights about the stress of the storage system 
operating to avoid grid reinforcement. 
 
Keywords: battery energy storage, grid reinforcement, 
grid integrated energy storage, energy management 
system, lithium-ion battery, economic analysis  

NONMENCLATURE 

Abbreviations  

BESS battery energy storage system 

erate 
energy rate of the battery energy 
storage system 

LIB lithium-ion battery 

LV low voltage 

MV medium voltage 

open_BEA 
open battery models for electrical 
grid applications 

SimSES 
simulation of stationary energy 
storage systems 

Parameters & 
symbols 

 

cBEES specific energy costs in $/kWh  

cGrid 
specific grid reinforcement costs 
in $/km 

Cap 
maximum economic capacity in 
kWh 

cap 
length-specific capacity in 
kWh/km 

d discount factor 

fit1, fit2 fitting parameters 

l length of grid reinforcement in km 

r discount rate 

tBESS depreciation period of the BESS 

tinv year of the investment 

tinv,c year of the investment, corrected 

tGrid depreciation period of the cables 

1. INTRODUCTION 
Increased electricity demand, mainly caused by 

electric vehicles and heat pumps, together with new 
generator units such as wind and solar power plants 
poses new challenges for the distribution grid [1]. While 
in rural areas, the increased share of renewable energies, 
resulting in over voltages is the main cause of grid 
reinforcement, in urban distribution grids, it is 
forecasted that over-loading will be the main driver 
therefore [2].  

In the literature, various approaches exist to avoid 
grid reinforcement. Especially in the field of electric 
vehicles, a number of researches deal with controlled 
charging strategies or Vehicle-to-Grid approaches [3,4]. 
Battery energy storage systems (BESSs) are seen as an 
alternative without influencing owners of electric 
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vehicles [5]. Due to the decreasing costs of lithium-ion 
batteries (LIBs), this opportunity might be even more 
interesting in the future [6].  

However, in the past stationary BESSs have been 
often used in behind-the-meter use cases to avoid over-
loading, such as buffer storage for electric vehicle 
charging stations [7]. This study evaluates the possibility 
of integration BESSs as an active part of distribution grid 
planning, which allows the grid owner to manage the 
energy flow of the storage system. 

The use of energy storage is compared economically 
with conventional grid reinforcement. First, a cost model 
for current and future BESS prices is developed and 
compared with the costs for cable replacement in the 
medium-voltage (MV) grid. Second, these cost scenarios 
are applied to use cases in a test grid together with a 
detailed analysis of the BESS. This detailed analysis 
allows an estimation of additional revenues for the BESS. 
A graphical representation can be found in Fig. 1. 

1.1 Outline of this study 

The remainder of this paper is structured as follows: 
Configuration of the grid modeling tool as well as the 
simulation settings for the BESS are described in 
Section 2. Section 3 describes the methodology of this 
study including a data and graphical representation of 
the economics. Section 4 gives an outlook to the 
expected results of the use cases, where the cost 
scenarios are applied, and concludes the paper. 

2. SIMULATION FRAMEWORK 

2.1 Grid modeling 

The holistic open-source simulation tool open_BEA 
expanded as part of this study enables BESSs to be 
integrated into MV grids as well as low-voltage (LV) grids 
in order to analyze the effects of the various operating 
strategies. The source code is programmed in Python and 
the framework has been used in a former publication [8]. 
The main characteristic is the ability to assign individual 
time series to the various actors in the grid, such as 
residential or industrial consumers.  

Furthermore, electric vehicles charging parks can be 
integrated at various nodes to investigate the effects of 
increasing the share of electric mobility. One of these 
effects is the need of grid reinforcement. With 
open_BEA, conventional grid reinforcement can be 
compared with the usage of BESSs.  

2.2 Simulation of stationary energy storage systems 

To analyze the behavior of the BESS in various 
operation modes a detailed simulation is necessary [9]. 
In this study, the storage system is used to avoid 
conventional grid reinforcement. For the analysis of the 
BESS, a simulation tool of stationary energy storage 
systems (SimSES) is used.  

SimSES is a holistic simulation framework specialized 
in evaluating energy storage technologies technically and 
economically [10]. With a modular approach, SimSES 
covers various topologies, system components such as 
power electronic units, and storage technologies 

Battery energy storage system

HV/MV
(PCC)

MV grid

LV grid

MV/LVMV/LV MV/LVMV/LV

Conventional
grid

reinforcement

Battery energy 
storage system

vs.

Over loading

$

Fig. 1. Graphical overview of the test scenario where the cost model for battery energy storage system and grid 
reinforcement is applied. The test grid includes a medium voltage grid with several underlying low voltage grids. The 
storage system is modeled in detail as shown in the blow-up. 
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embedded in an energy storage application. SimSES is 
used in this contribution to gain insights about the stress 
of the storage system operating to reduce the peak load 
and consequently avoid grid reinforcement. As a result, 
lifetime forecasts for the storage system in this operation 
mode can be obtained, for example. 

3. ECONOMIC COMPARISON OF BATTERY ENERGY 
STORAGE SYSTEMS AND GRID REINFORCEMENT 

In this section, the economic correlation of BEESs 
and conventional grid reinforcement is investigated. 
After defining the cost components, a data research 
gives an overview of the current and future costs. To 
consider different assumptions and cost prognosis, the 
data is organized in cost scenarios by functional 
expressions. 

3.1 Battery energy storage systems 

With the focus to an economic comparison of the 
BESS and conventional grid reinforcement, the data 
research only includes investment costs. Issuances for 
operation and maintenance are neglected.  
In case of the BESS, the specific energy costs are declared 
on system level, containing all costs for the storage 
section, power electronics and additional equipment for 
grid coupling and system balance [11]. Due to an impact 
of the BESS design and dimensioning on the specific 
costs, requirements on the data quality are needed [12]. 
With an integration in the MV-grid, the storage capacity 
ranges between an industrial- and large-scale system 
with a few 100 kWh up to some MWh [13]. 

In addition to the BESS specifications, each 
publication gives a cost development with at least three 
data points between 2016 and 2040. Linearly 
interpolated, the data set split up in three scenarios. 
While scenario base with a moderate cost development 
is defined by the mean values, the scenarios low and high 
represent optimistic and conservative prognosis in the 
95 % confidence interval. To describe each scenario by a 
cost function, curve-fittings are performed. As a result, 
the hyperbola in Eq. (1) returns the specific energy costs 
cBESS depending on the year of the investment tinv. The 
fitting parameters fit1 ($/kWh) and fit2 are dependent on 
the cost scenarios. 

cBESS =
fit1

tinv+fit2
        (1) 

 

Fig. 2 depicts the cost functions with the data points of 
the publications. Between 2020 and 2030 the specific 
energy costs decrease about 38.5 % from 468 $/kWh to 
288 $/kWh in the scenario base. 

 
Fig. 2. Specific energy costs of the battery energy storage 
system depending on the year of the investment. Data 
points and resulting cost functions for the scenarios base, 
low and high are based on [12,14–20]. 

3.2 Grid reinforcement 

The approach of conventional grid reinforcement is 
to avoid grid congestions by extending or replacing the 
equipment. In this economic comparison, the parallel 
installation of MV-cables is used to reinforce the grid. 
Therefore, the cable from type NA2XS2Y, 3x1x185 mm², 
which is common in German distribution grid, is set as 
standard equipment for the following data research. In 
this, the material as well as the installation costs are 
considered [21]. 

Moreover, because of the higher installation costs 
for compressed surface, the specific costs are classified 
by rural and urban areas. Due to the limited data 
situation, the resulting costs do not show a development 
trend and include no information concerning the future. 
This is why, the costs for the scenarios base, low and high 
are determined with the current data. Table 1 shows the 
specific grid reinforcement costs for these scenarios. 

 
Table 1. Specific grid reinforcement costs in medium 
voltage-grids for cable extension in rural as well as urban 
areas. The data for the various scenarios are based 
on [21–29]. 

 specific costs in $/km 

scenario low base high 
rural 116 000 133 000 150 000 

urban 151 000 177 000 203 000 
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3.3 Economic correlation of battery energy storage 
systems and grid reinforcement 

In the following, an economic correlation between 
the BESS capacity and the length of the grid 
reinforcement is defined, with the purpose to determine 
the maximum capacity that allows an economic use case 
for the BESS at a specific cable length. Under 
consideration of the cost functions, it is the point at 
which the discounted costs of the BESS equal to those of 
the grid reinforcement. In Eq. (2), the maximum 
economic storage capacity Cap is described by the 
discount factor d, the length-specific capacity cap, the 
correction on the year of the investment tinv,c and the 
length l. 

Cap = cap ⋅ tinv,c ⋅ d ⋅ l        (2) 

With: 

cap =
cGrid
fit1

 

tinv,c = tinv + fit2 

d = (1 + r)(tBESS−tGrid) 
 

For extension lengths of 40 km in rural areas and 20 km 
in urban regions, the capacities, for which the discounted 
costs of the BESS are lower than for a conventional grid 
reinforcement, are displayed in Fig. 3. In addition, the 
capacities are compared for a year of the investment in 
2020 and 2030. For this, the discount rate is assumed 
with 6 % and the depreciation periods for the BESS and 
the MV-cable are set with 10 years and 40 years [21,30]. 
 

 
Fig. 3. Economic capacity of the battery energy storage 
system depending on the length of grid reinforcement in 
a) to c) for rural areas and d) to f) for urban areas. 

4. CONCLUSION AND OUTLOOK 
This study shows an economic analysis to what 

extent storage systems can be an alternative to 
conventional grid reinforcement. Current and predicted 
costs for storage systems are compared with the costs 
for cable replacement in the MV grid and correlations are 
derived. Accurate co-simulations of storage systems and 
the distribution grids allow these cost scenarios to be 
applied to use cases. 

An economic analysis of storage systems is 
conducted for BESSs capacities in a range between a few 
100 kWh up to some MWh. Three scenarios are derived 
from the available data. The results shows that between 
2020 and 2030 the specific energy costs decrease about 
38.5 % from 468 $/kWh to 288 $/kWh in a base scenario. 
To describe each scenario by a cost function, curve-
fittings are performed. 

The specific costs in $/km for conventional grid 
reinforcement are classified by rural and urban areas and 
again three scenarios are derived from the available 
data. The maximum economic storage capacity for a 
specific grid reinforcement length, a discount factor, and 
the year of investment is described through a linear 
equation. 

The results show that even in urban areas, BESSs 
with a capacity above 1 MWh are not competitive with 
conventional grid reinforcement. Only if small storage 
capacities are necessary to avoid grid reinforcement, a 
BESS can currently be installed economically. 

4.1 Outlook 

The full paper will include simulations of a MV-grid 
with a high share of electric vehicles where grid 
reinforcement would be required. Ancillary services, 
such as frequency containment reserve, are assigned to 
the BESS with the aim of making it more competitive. 
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8 Conclusion and outlook

This thesis proposed possible solutions to meet the future challenges of grid overloading in urban
areas caused by an increasing number of charging opportunities for electric vehicles (EVs). Various
energy management strategies for battery energy storage systems (BESSs) were developed to achieve
an improvement in the distribution grid. The objective was to reduce the peak power at the point of
common coupling by adapting the control of stand-alone as well as coupled BESS located at various
nodes in the distribution grid. Open-source simulation tools, which enables a realistic simulation of
the effects of storage systems in different operating modes on the distribution grid, were developed
and adapted as part of this work. Consequently, an economic analysis was conducted to evaluate
storage systems as an alternative to conventional grid reinforcement. The following section concludes
this thesis with a focus on the several papers. Finally, section 8.2 gives an outlook to possible future
research tasks.

8.1 Thesis conclusion

The development and adaptation of various simulation tools is the base of this thesis. In Chapter 3 a
tool for the simulation of stationary energy storage systems (SimSES) was described in detail. SimSES
provides several state-of-the-art energy storage models as well as associated periphery of a storage
system. Within the paper, storage technology models based on current research for lithium-ion bat-
teries (LIBs), redox flow batteries, as well as hydrogen storage-based electrolysis and fuel cell were
described in detail. Standard stand alone operation strategies for energy storage systems like peak
shaving, residential storage, and the provision of frequency containment reserve (FCR) were presented
as part of this work.

To demonstrate the base functionalities of SimSES in greater detail, two case studies were discussed
in the publication. The case studies were mapped to the applications of FCR and peak shaving. For
these use-cases it was demonstrated how different energy storage system topologies can be investigated
and analyzed with SimSES. Simulation results showed that special BESS topologies like a cascaded
approach for the power electronic units lead to a substantial increase in system efficiency. SimSES
provides an analysis with technical and economic evaluations illustrated by key performance indicators.

Some technical key performance indicators of SimSES were used to analyze various stand alone opera-
tion strategies in detail in Chapter 4. In this paper we presented a method to create standard profiles
for stationary BESS and we made the results as open data available for download. Input profiles
including frequency data, industry load profiles and residential load profiles were pre-processed using a
normalization and clustering method. These input profiles were then transformed into storage profiles
including the storage power and the state of energy (SOE) using the in Chapter 3 described holistic
simulation framework SimSES.

SimSES was used to analyze stand alone applications for stationary BESS in detail and an energy
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8 Conclusion and outlook

management system (EMS) was programmed for three different applications: an algorithm for pro-
viding FCR, two algorithms (greedy and feed-in damping) for a residential BESS, and an EMS for
an industrial peak shaving BESS. The results were post-processed using a developed analyzer tool in
order to figure out six key characteristics for BESS. For example, for a peak shaving BESS, the number
of full equivalent cycle (FEC) varies from 4 to 63 and the average resting time from a few minutes up
to eight hours. These characteristics are essential for the design of a storage system and they were
used in this thesis for evaluating the impacts of different operation strategies on the BESS.

While in Chapter 3 and Chapter 4 the focus was on the development of SimSES and the analysis of
established use-cases, in Chapter 5 a method to reduce the peak power at a specific node as well as at
the transformer or point of common coupling (PCC) in distribution grids using BESSs was presented.
The storage systems were located at 32 various industrial consumers with individual load profiles (cf.
Chapter 4) in a medium voltage (MV) grid with 146 underlying low voltage (LV) grids. To improve a
state-of-the-art peak shaving strategy, a method of a combined operation strategy for BESSs located
at industrial consumers was developed to achieve both an improvement in the distribution grid as well
as electricity bill savings for industrial consumers. By using and adapting a simulation framework
(open_BEA), accurate co-simulations of BESSs and distribution grids were performed and the stress
on the BESSs was evaluated using the key characteristics described in Chapter 4.

In this publication the BESSs were economical optimally sized using a linear optimization approach.
The newly developed combined approach used a scaling factor for the power profile in order to combine
the load profile at the PCC with the load profile of an individual industrial consumer. This combined
profile served as the input for the operation strategy and the results were compared to a state-of-the-
art peak shaving strategy. Results showed that with the developed approach both the local peak load
and the global peak load can be reduced. Although in this scenario the BESSs reduced both peaks,
the additional stress for the six month simulation period was on average only 1.2 full equivalent cycles
higher than with a state-of-the-art peak shaving strategy.

To enhance the method from Chapter 5, in Chapter 6 a method to coordinate and couple multiple
BESSs was introduced. The goal is again to reduce the power at the PCC in distribution grids with
a high share of EVs. Charging parks located at three different nodes in a representative MV grid,
and the EV-share was varied during a sensitivity analysis. At all three nodes, a BESS with increasing
capacities of 200 kWh to 2000 kWh was coupled and the attendant EMS was controlled with the aid
of a linear optimization framework, which was expanded as part of this study. The results are again
compared to a state-of-the-art peak shaving strategy.

It was shown, that in a stand-alone mode there are no significant peak reductions at the PCC. This also
matches with the results in Chapter 5. For most scenarios, however, no or only a very small increase
in the peak load was identified. Hence, state-of-the-art peak shaving BESSs located at charging parks
can help to avoid significant increases in the peak load at the PCC. But if the BESSs was operated
using the coordinated control method, the peak load at the PCC was reduced in all scenarios by a
maximum of 44.9%. Analyzing the results in detail using the simulation tool SimSES a clear trend
was identifiable: The peak load reduction per FEC decreased with an EV-share and BESS capacity
increase. For example, the largest BESS of 2000 kWh and the highest EV-share of 16%, the reduction
was only 0.3% per FEC.

While in Chapter 5 and Chapter 6 the focus was on the technical analysis of the effects of established
and developed operation strategies for BESSs on a distribution grid, in Chapter 7 an economic anal-
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ysis was conducted. Current and predicted costs for BESSs were compared with the costs for cable
replacement in the MV-grid and correlations are derived. Using the various simulations tools allowed
to apply these cost scenarios to use cases. The economic analysis of storage systems was conducted
for BESSs capacities in a range between a few 100 kWh up to some MWh.

The results showed that between 2020 and 2030 the specific energy costs decrease about 38.5% from
468 $/kWh to 288 $/kWh in a base scenario. The four investigated cases of cables extensions were
avoided by integrating BESSs with a centralized peak shaving approach (cf. Chapter 5). The storage
capacity was determined with an iterative procedure considering the loads at the positions with required
grid reinforcement. The results showed, that mainly in urban areas, BESSs can be competitive with
conventional grid reinforcement now and even more in 2030.

Finally, it can be summarized that grid operators should consider the possibility of a integration of an
storage system with enhanced operation strategies as an alternative to grid reinforcement. Accelerated
aging as well as adaptions in the energy management systems would have to be compensated financially
by the grid operator to the storage owner or industrial consumer. However, it must be taken into
account that the grid operator benefits economically by being able to avoid a possible grid reinforcement
or transformer upgrade. The frameworks shown in this thesis requires communication (e.g., via the
5G communication standard [163, 164] or the IEC 60870 standard [161]) between the grid operator
and its current load at the PCC and various stakeholders, as for example industrial consumer or
storage operators. In addition, the algorithms introduced require the creation of an economic and
legal framework.

8.2 Possible future research tasks

This thesis focused on the technical and economic potential of installing storage systems in distribution
grids. The additional reduction in the peak load at the PCC may avoid the need of grid reinforcement
or transformer exchange. From a grid perspective, future studies could also focus more on other grid-
related applications as an additional service of the BESS, such as reactive power control. To improve
the economic results, ancillary services, such as FCR, can be assigned to the BESS with the aim of
making it more competitive to conventional grid reinforcement. There are already initial approaches
to this in the literature, but without the aim of reducing the peak grid load [137, 165].

Furthermore, smart charging strategies or the potential of vehicle-to-grid at residential as well as public
charging locations can be used to reduce the stress on the distribution grid resulting from a high EV-
share. Research is already carried out in the context of vehicle-to-grid or smart charging, but mostly
with the aim of reducing the owner’s costs [166, 167]. The simulation tools presented in this thesis
might be used to investigate the effect of these approaches on the distribution grid.

Another highly discussed topic is the ecological assessment of storage systems. It might also be
worthwhile to perform an ecological assessment to enable more precise investigation of the differences
between conventional grid reinforcement and BESSs installation. While some studies, such as the work
done by Baumann et al. [168] and Parlikar et al. [169], already deal with the CO2 impact of BESSs,
there is a research gap concerning the impact of CO2 caused by conventional grid reinforcement.
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