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Abstract: With the increasing penetration of renewable resources into the low-voltage distribution
grid, the demand for alternatives to grid reinforcement measures has risen. One possible solution
is the use of battery systems to balance the power flow at crucial locations in the grid. Hereby, the
optimal location and size of the system have to be determined in regard to investment and its effect
on grid stability. In this paper, the optimal placement and sizing of battery storage systems for grid
stabilization in a small low-voltage distribution grid in southern Germany with high PV penetration
are investigated and compared to a grid heuristic reinforcement strategy.

Keywords: low-voltage grid; distribution grid; smart grids; power grids; energy storage; batteries;
power supply; renewable energy sources; energy management

1. Introduction

The rapid increase of penetration of renewable energy resources into the distribution
network can cause increased stress, especially to the low-voltage grids, such as through
overvoltage situations or the exceeding of line ratings. Furthermore, the sustained need to
establish a balance between energy demand and supply requires new solutions to enhance
the reliable operation of the power system. Battery energy storage systems (BESSs) are
being proposed as a measure to enable the integration of more renewable energy generation
into the distribution grid without the need to curtail renewable generation or to reinforce
the grid. The availability of storage also allows the maximization of the energy efficiency,
decreases in network losses, and the ability to deliver control or reserve energy to the grid.
In this paper, the optimal placement and sizing of a battery energy storage system (BESS)
for grid relief in a photovoltaic (PV)-rich low-voltage distribution grid are investigated.
The method used is based on a linearized load flow method and will be tested with data
from a real distribution grid.

2. Literature Review

In the above-mentioned context, battery storage systems connected to distribution
grids are the focus of numerous studies [1-5]. Batteries can be used to reduce distribution
system losses, remove existing hindrances to the integration of renewable distributed
generation, and contribute to voltage and frequency regulation [6,7] by facilitating peak
shaving or decreasing the need for network expansion [8]. However, due to specific
applications and operational strategies, there is a need for an appropriate procedure to
size and site the mentioned systems to minimize the costs and losses [9]. Additionally,
the objective function in different methodologies implies considerable variation in out-
comes of the cost-optimized placement and sizing of the BESS. A network’s structure,
the renewable resource positions, and line-flow limits can also have impacts on optimal
storage placement [10]. The mathematical problem of the optimal site and size of the
storage is, in general, non-convex and high dimensional; approaches to this problem are
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classified into analytic techniques, artificial intelligence techniques, classical techniques, or
heuristic techniques [9,11]. Motalleb et al. proposed a heuristic method to find the optimal
locations and capacity of a multi-purpose battery energy storage system (BESS) taking into
account the distribution and transmission parts [12]. Fossati et al. [13] found the optimal
power capacity of a BESS that minimizes the operating cost of the microgrid based on
genetic methods. A fuzzy expert system determines the power delivered to or taken from
the storage system. The advantage of the proposed algorithm is its easy adaptation to
different types of microgrids. In [14], the economically optimal allocation of the energy
storage was explored based on net present value using matrix-real-coded genetic algorithm
techniques. The upside of this method is that it takes complete and overall design aspects
into consideration. In [15,16], the articles give a dissertation on how to minimize the sum
of operation costs and to realize the optimal site and size of the BESS based on particle
swarm optimization (PSO). The objective in [17] was to enhance frequency control and
reduce the operating cost by integrating a load-shedding scheme with the optimal sizing
of a BESS. The results depict the better performance of frequency control based on PSO in
comparison with an analytic algorithm with a load-shedding scheme. However, the issue
identified in heuristic methods is that they require huge calculations, and it is uncertain if
they converge to the global optimal solution. In [9], a second-order cone program (SOCP)
convex relaxation of the power flow equations for optimal sizing and siting of a BESS with
a lower computational burden is presented. Hereby, the objective function is formulated in
two different manners: minimizing investment vs. power losses and minimizing invest-
ment vs. operational cost-benefits in a variable price market. As discussed in [18], the
load and generation balancing of interconnected renewable resources and energy storage
can be controlled using a dynamic energy price. The problem is formulated in a stochastic
dynamic program over a finite horizon with the aim of minimizing the long-term average
cost of used electricity as well as investment in storage.

3. Cost Analysis

This section follows an overview of the costs considered for battery placement and
grid reinforcement. These are important for assessing the optimal placement and sizing of
battery systems correctly.

3.1. Energy Storage Costs

To estimate the total costs of energy storage placement correctly, it is necessary to split
the costs into power- and capacity-related costs. In [19], the relative component costs of
battery storage systems were examined in a long-term storage market analysis, which was
performed starting in 2014. Hereby, the total costs were split up into the cell costs, the
power electronic costs, and the peripheral system costs. For residential systems, the relative
costs for the power electronic components resulted in 42% of the total system costs. In this
paper, it is assumed that the power electronic cost rises linearly with the rated system
power of the battery. The estimated costs of the battery system were taken from [20] for the
year 2019, and are shown in Table 1.

Table 1. Battery installation costs for 2019.

Type Perc. Costs/Value
capacity 42% 130 EUR/kwh
periphery 28% 87 EUR/kwh
power electronics 30% 93 EUR/kw
installation - 20,000 EUR /batt

batt. lifetime - 10yr
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3.2. Grid Reinforcement Costs

For the specific expansion costs, the two main shares for cables and installation costs
are taken into account. The specific costs for the cables or lines depending on the line type
are displayed in Table 2.

However, the amounts for laying the cables vary greatly, depending on the condition
of the ground. For arable land, about 20,000 EUR/km can be expected, but for stony
ground, the amount doubles (40,000 EUR/km). In urban areas, where roads have to be
rebuilt, the costs can be raised up to 80,000 EUR/km [21]. For the installation of another
cable in parallel, it is assumed that the installation costs increase by about 15% with each
added line.

For the calculation of the annual costs, the useful lifespan of the lines still has to be
determined. For underground cables, a lifespan of 40 years is generally assumed [22], and
the normal operating life in accordance with the electricity grid charge ordinance is also
40 years [23].

Table 2. Grid reinforcement costs.

Line Type Cost Type Costs

installation 60,000 EUR/km

04KV, 4> 50 mm acquisiion 3500 EUR/km
installation 60,000 EUR/km

04KV, 4>120 mm acquisition 9900 EUR/km
installation 60,000 EUR/km

04KV, 4> 150 mm acquisiion 12,000 EUR/km

parallel line installation installation additional 15% of installation costs
Trafo, 630 kVA total 21,000 EUR

4. Input Data and Scenario

In this paper, real measurement data (load and irradiation) from a German distribution
grid with high photovoltaic (PV) penetration were used to investigate the effects of different
storage placements and grid reinforcement scenarios.

4.1. PV Generation

To establish a worst-case scenario for the grid loading induced by distributed gen-
eration, a maximum PV penetration scenario was created. Hereby, the roof area of the
buildings, as well as the azimuth and tilt angles, was estimated to calculate the in-plane ir-
radiance. It was assumed that the usable roof area for PV installations is an 80% share of the
total roof area. With this information and the knowledge about the module size and type,
an estimate of the maximum possible PV capacity is established. This scenario is called
Ppy max. To model the PV generation within the network, the Python library PVLIB [24] is
used. This package includes all necessary functions for modeling the complete chain from
the measured irradiance to the inverter AC output power. To model the diffuse irradiation,
the Perez model was used. The irradiance levels of global horizontal irradiation (GHI) and
diffuse horizontal irradiation (DHI) were measured locally within the distribution grid.

4.2. Simulation Scenario

Because of the computational complexity of the problem (distribution grid with
106 nodes), it is not possible to optimize in a single shot over one year. To capture the major
grid stress for the battery placement, a worst-case period was selected from the measured
data. The costs were analyzed over one year. The selected time span was three days long,
and showed the highest consecutive net load (generation minus load) of the whole dataset.

Different simulation scenarios were created to evaluate the dependency on voltage
limitation and PV penetration. The selected PV penetrations are 50% and 80% relative



Energies 2021, 14, 303

40f10

voltage [p.u.]

106

to Ppy max.- The maximum allowed voltage deviations are 3% and 5% from the nominal
voltage. In Figure 1, the resulting voltage distribution for the selected worst-case period
with an 80% PV penetration is displayed.

4.3. Battery Sizing and Placement

The objective of the algorithm is the optimized placement of battery storage systems
in order to balance voltage violations within the low-voltage distribution grid. The goal
is hereby to minimize the installation costs based on Table 1 under the constraints that all
grid limits are within their operational limits.

The algorithm is based on a linearized load-flow method presented in [25] and the
optimization framework that is used in [26]. The resulting optimization problem is solved
via successive linear programming (SLP). The battery system can be simulated with a fixed
efficiency. The voltage drops within the distribution grid are calculated using the linearized
load-flow algorithm mentioned above. The time resolution of the algorithm is 1 h. This can
be justified with the properties of the battery system: The battery capacity is larger than the
1 h times the maximum rated power of the battery. Furthermore, the reaction time of the
battery is very fast. Therefore, the battery can compensate for the fluctuations within this
hour, and the average power over this time span can be used for the sizing of the battery.
This, however, slightly underestimates the power values and, therefore, also the costs for
the power electronics.
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Figure 1. Voltage distribution for the selected worst-case scenario without battery or energy curtailment. The voltage limit

is 1.05 p.u., which is clearly exceeded.

5. Approach

In this section, we will briefly describe the methods we used for the automated grid
reinforcement and the battery placement algorithm. As the specific goal of the paper is
to compare the optimal battery placement with grid reinforcement, alternatives, such as
curtailment of renewable generation to relax the grid stress, are not taken into account.

5.1. Grid Reinforcement

The necessary grid reinforcement to meet the voltage constraints was calculated with
a heuristic approach. Hereby, the critical nodes of each branch were identified, and the
grid was reinforced until the given voltage limits were met at the corresponding nodes.
The procedure of the algorithm is shown in Figure 2. The algorithm always chooses the
cheapest option for the reinforcement based on the costs shown in Table 2. Hereby, whether
it is cheaper to install multiple smaller lines in parallel or to install a larger line was
also evaluated.
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Figure 2. Flowchart of the heuristic grid reinforcement algorithm. The method shown above was
repeated for all branches.

As mentioned before, the simulation period is three days. Therefore, multiple charging
cycles are captured. This implies that the possibility to discharge the battery before the
next cycle is ensured by the algorithm. Otherwise, the optimal size of the battery cannot be
calculated correctly.

The optimization places the battery storage units based on the costs shown in Table 1
and, at the same time, calculates an optimized charge trajectory for the batteries. Furthermore,
constraints can be included, e.g., the number of batteries that the algorithm is allowed to place.

This can be shown by an example calculation: In Figure 1, the voltage situation within
the grid is shown for a day with high solar PV generation and without an installed battery
or curtailment of PV generation. The voltage limit within the grid is 1.05 p.u., which is
surpassed in two branches here. In Figure 3, the voltage distribution with the use of
the optimized operation of one battery and curtailment is shown: The voltage limits are
obeyed at all times. The algorithm chose to place the battery at bus 65 with a size of 83 kWh.
The size was determined with the help of the provided irradiation and load profiles.

In this section, the results of the above-mentioned algorithms in the given simulation
scenario are shown and evaluated.
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Figure 3. Voltage distribution for a day with high solar photovoltaic (PV) generation and one installed battery. In this case,
the voltage limit is obeyed at all nodes. The algorithm selected a battery placement at buses 65 and 93 to avoid voltage limit
violations. Whiskers were set to 1.5 x IQR, the circles represent data points exceeding that range.

5.2. Grid Reinforcement

The grid reinforcement algorithm has been shown to be computationally effective
and, at the same time, sufficient for fulfilling the task of calculating a cost-effective grid
reinforcement. As it is a heuristic algorithm, the global optimality of the solution cannot be
guaranteed. For radial distribution grids, however, a high-quality solution can be assumed.
In Figure 4b, a comparison of the bus voltages of the original grid and the reinforced one
is displayed. It can be seen that the algorithm added additional elements to reinforce the
grid until the voltage limits were met at all nodes. The resulting reinforcement is shown in
Figure 4a. The red edges of the graph indicate the reinforced line segments. Only the line
segments with voltage problems were reinforced—in this case, three branches.

The selection of the line types depends on the amount of reinforcement needed to
meet the voltage constraints. In this example, the algorithm chose to use a cable of the type
NAYY 4 x 120 SE 18 times and the smaller NAYY 4 x 50 SE three times (see Table 3). As the
transformer loading was still within the limits, it was not replaced or reinforced.

1.06 original

reinforced

R — 1.05
:./ 4 \ ’
-~ N s ¥ - ~0— =
B N o 2104
_— i G ~0 _ o0 ~ =]
S0~ A % 1.03
— — :\\. Y g
'/"\%\ N _ g 1.02
— \ No—
4 3
——¢ 1.01
V=
—0—K 1.00
7N
-7 i
R 0 20 40 60 80 100
bus #
(a) (b)

Figure 4. Exemplary results from the automated grid reinforcement algorithm. On the left, a graph with the reinforced
line segments is shown. The yellow node indicates the transformer and the red edges indicate reinforced line segments.
A comparison of the resulting bus voltages is shown on the right. In this case, a voltage limit of 1.03 p.u. was used. (a) Graph
diagram of the reinforced grid; (b) Voltage comparison of the reinforced grid.
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Table 3. Example result of the grid reinforcement algorithm: overview of the installed assets and costs.

From Bus To Bus n Parallel Type Cost [k€]
1 105 2 NAYY 4 x 120 SE 109.5
1 73 2 NAYY 4 x 120 SE 109.5
1 106 3 NAYY 4 x 120 SE 131.1
2 28 1 NAYY 4 x 120 SE 87.9
2 104 2 NAYY 4 x 120 SE 109.5
3 61 1 NAYY 4 x 120 SE 87.9
3 73 2 NAYY 4 x 120 SE 109.5
6 43 1 NAYY 4 x 50 SE 81.5
6 68 2 NAYY 4 x 120 SE 109.5
28 29 1 NAYY 4 x 50 SE 81.5

29 30 1 NAYY 4 x 50 SE 81.5
50 57 1 NAYY 4 x 120 SE 87.9
50 61 1 NAYY 4 x 120 SE 87.9
56 57 1 NAYY 4 x 120 SE 87.9
63 70 2 NAYY 4 x 120 SE 109.5
63 69 2 NAYY 4 x 120 SE 109.5
65 70 2 NAYY 4 x 120 SE 109.5
65 106 1 NAYY 4 x 120 SE 87.9
68 100 2 NAYY 4 x 120 SE 109.5
69 100 2 NAYY 4 x 120 SE 109.5
104 105 2 NAYY 4 x 120 SE 109.5

5.3. Battery Placement

The results of the battery placement are summed up in Table 4 for the different scenar-
ios. For the scenario of a 50% penetration and a maximum voltage deviation of 5% relative
to Vhom, No battery placement is needed. If the maximum voltage deviation is decreased
to 3%, two batteries have to be placed. For the scenario with 80% PV penetration, there
is a maximum voltage deviation of 5% relative to Vhom and the locations of the batteries
stay almost the same as before, but the sizes increase. If the maximum voltage deviation is
decreased to 3% in this case, a third battery has to be added. The results are additionally
shown in Figure 5a,b. Here, the placements for the 80% PV penetration and both voltage
limitations are shown in a graph.

(b)

Figure 5. Optimal battery placement for voltage stability within the test grid. (a) 50% PV penetration, voltage limit 3%.
(b) 80% PV penetration, voltage limit 3%.
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Table 4. Size, maximum power, and location of the batteries.

PV Pen. AVpma Batt. 1 Batt. 2 Batt. 3
[PPv, max] [Vmom] CIkWh] P[kW] Bus# C[kWh] P[kW] Bus# C[kWh] P[kW] Bus#
. 5 % - - - - - - - - -
50 % 3 % 61 15 30 99 20 42 - - -
50 % 5 % 75 20 30 149 30 43 - - -
? 3% 377 61 29 414 67 45 909 25 59

In all cases, the placement of the battery varies just slightly by one or two buses.
This indicates that the solution surface is relatively flat with respect to the battery position
in the grid.

5.4. Comparison

In this section, the results of the battery placement and the grid reinforcement algo-
rithm will be compared. In contrast to the previous section, Section 5.3, some constraints
on the number of batteries to place are added to investigate the sensitivity on the number
of batteries installed. Therefore, two additional scenarios are introduced: one where the
number of batteries is fixed to 5 and one with 10 batteries.

The results regarding the absolute investment costs are shown in Table 5. The cheapest
solution for the given scenarios is the installation of batteries to maintain the grid voltage
stability. The costs increase with additional batteries, although the individual size of the
batteries decreases. The most expensive option regarding the investment costs is grid
reinforcement.

Table 5. Investment cost comparison.

Grid

PV Pen. AViax Reinf. 5 Batt. 10 Batt. Unconstrained
[Ppv, max] [Vhom]  [k€] [k€] [k€] [k€] [n batt.]
509% 30/0 710 138 238 79 2
5% - - - - -
809 3% 1679 307 406 273 3
? 5% 488 154 254 94 2

A more interesting comparison is that of the yearly costs. In this case, the maintenance
costs for the battery as well as the grid are neglected, as they vary greatly. As mentioned
before, the lifetime for the battery is assumed to be 10 years, and the lifetime for the
cables is assumed to be 40 years. The results of this comparison are shown in Table 6.
The result is similar to that of the investment costs, although the difference between the
battery placement and the grid reinforcement is less pronounced. However, in all cases,
the installation of batteries is cheaper than the grid reinforcement.

Table 6. Yearly cost comparison (assumed lifetime: battery = 10 y, cable = 40 y).

PV Pen. AViax Grid Reinf. 5 Batt. 10 Batt. Unconstrained
[Ppv, max] [Vhom] [k€] [k€] [k€] [k€] [n batt.]
o 3% 18 14 24 8 2
50% 5% 0 0 0 0 0
o 3% 42 31 41 27 3
80% 5% 12 15 25 9 2
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6. Conclusions and Outlook

In this paper, the study case of a low-voltage distribution grid with high PV potential
and solutions to avoid the resulting grid violations were presented. Hereby, two algorithms
were compared: one for the automated placement and sizing of battery storage systems
within a distribution grid, and another algorithm for automated grid reinforcements.
Both algorithms have been shown to work, fulfill their tasks, and avoid grid overloading
for the suggested implementations. These algorithms will be used to evaluate the possible
solutions for various distribution grids with congestion problems.

In the presented case, the use of well-placed batteries could reduce grid strain and be
more cost effective compared to grid reinforcement measures. Further benefits, such as
higher local consumption, have not yet been examined. The results presented in this paper,
however, are only valid for the given scenario—the presented distribution grid and the
assumed costs for battery installation and grid reinforcement. Furthermore, other solutions,
such as tab-changing transformers or curtailment, were not considered within this paper.

However, the algorithm is capable of incorporating additional congestion management
options, such as the curtailment of renewable generation, load shifting, etc. These possibili-
ties will be examined in a future paper.
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