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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
2

I
b𝑗→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

I
b𝑗→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
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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
3

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.
4

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.

https://www.ei.tum.de/en/ees/research-teams/team-ses/system-analytics-and-integration/
https://www.ei.tum.de/en/ees/research-teams/team-ses/system-analytics-and-integration/
https://github.com/openego/eDisGo
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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 =
[

I
b𝑗→b𝑘
1 ,⋯ , I

b𝑗→b𝑘
𝑡 ,⋯ , I

b𝑗→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∗,PCC,… ,S∗,PCC,… ,S∗,PCC
]

(7)
5

1 𝑡 T
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 I
b𝑗→b𝑘
max as shown in

Eq. (11).

I
∗,b𝑗→b𝑘
𝑡 ≤ I

b𝑗→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 = I

b𝑗→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 ≤ edischarge ⋅ 𝐸nominal ∀ b (15)
𝑡 𝑟𝑎𝑡𝑒
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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.
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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.



Applied Energy 295 (2021) 116936D. Kucevic et al.
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)
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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
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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.
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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
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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
10
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.
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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
12

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.



Applied Energy 295 (2021) 116936D. Kucevic et al.
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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