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Abstract. The development of energy storage technologies is
considered a key issue to increase the flexibility of future power
systems and to achieve high penetration levels of renewable
generation. In recent years, battery-based storage has attracted
great interest due to the cost reduction of lithium-ion batteries. In
addition, the modularity of batteries makes possible to develop
not only grid-scale energy storage facilities connected at
transmission voltage levels but also smaller distributed energy
storage systems connected at distribution voltage levels.
However, it must be taken into account that the size and services
provided by batteries depend on their location in the power
system. In this paper, a methodology to determine the optimal
location of battery based electrical energy storage systems for
contingency support is presented. The methodology has been
applied to a Spanish power system to evaluate the effect of
batteries on contingency support when installed either in the
transmission network or in the distribution network.
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1. Introduction

In recent years, there has been a strong development in
renewable generation, and technologies such as wind
generation and photovoltaics are playing an increasingly
important role in the generation mix. However, these
generation technologies are non-dispatchable and so, they
may lead to the appearance of overvoltages as well as
stability and security issues, especially under contingency
conditions. This situation may even get worse as a result of
the increase in the number of distributed residential and
commercial photovoltaic (PV) installations due to the
limited control the network operator has over these
facilities. For this reason, the development of energy
storage technologies is considered essential for the secure
integration of renewable generation and so, for the
development of future power systems [1].

Energy storage in electric power networks has traditionally
been based on pumped-storage hydroelectric power plants
connected to the transmission network. However, the
progressive reduction in the price of lithium-ion batteries
is pushing its potential use in electric networks. Grid
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connected battery-based electric storage systems can
provide several system services such as load
management, reduction of peak demand, mitigation of
overloads, integration of renewable generation, frequency
and voltage control, etc. However, the ability of batteries
to provide those services in an efficient way may be
dependent on their size and location in the power system
as, due to its modularity, battery storage systems may be
connected not only to the transmission network, but also
to the distribution network, or even be located at the
customers' facilities [2].

According to [3], the existing literature on energy storage
can be grouped in three categories: storage operation,
storage sizing and storage siting. Some papers deal with
storage operation, which is optimized given its energy
and power ratings, as in [4]. In contrast, storage sizing
involves determining the optimal size of storage at a
predetermined location, such as next to a wind farm as in
[5], to meet some requirements. Finally, storage siting is
a more complex problem as it involves determining not
only the optimal size but also the location of multiple
storage units, which will depend on how they will be
operated. The problem of battery siting for different
applications has been analyzed in the literature. For
example, in [6] batteries are applied for load peak
shaving in order to defer distribution network
investments, whereas in [7] batteries are applied for peak
shaving and load curve smoothing so that the
transmission system is relieved from the aggregate
fluctuations of rooftop PV generation.

This paper proposes a new methodology that provides the
optimal sizing and location of BESS for contingency
support. The operation of the batteries is also optimized
so that they can provide the required support during
contingencies as well as load curve smoothing in
scenarios with high penetration of PV self-consumption
generation. The proposed methodology has been applied
to the Spanish power system to evaluate the effect of the
deployment of batteries either in the transmission
network or in the distribution network, as an alternative
to other network reinforcements.
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The paper is structured as follows. Section 2 introduces the
methodology applied in the analysis, Section 3 presents the
electric network used in this research and Section 4 shows
the results obtained in the analysis. Finally, Section 5
presents the main conclusions of the paper.

2. Methodology

The proposed methodology for the analysis of the effect of
the installation of batteries in the power system consists of
two stages. Firstly, the optimal size and location of the
batteries in the power system is determined and, after that,
the charging/discharging control strategy of the batteries is
considered in order to achieve their optimal operation in
the power system.

A. Sizing and location of BESS

In this study, it has been considered that the main purpose
of the installation of batteries is the reduction of outages.
Batteries supply power to the loads during the
contingency, reducing the Power Not-Guaranteed (PNG)
because of the contingency. The PNG is defined as the
power that cannot be supplied during the outage. A
maximum available budget for the installation of batteries
is considered in the methodology, so batteries to reduce the
PNG during network contingencies are located at those
nodes with the largest accumulated PNG to battery cost
ratio, until the maximum available budget is achieved. As
a battery can solve several contingencies, the rated power
of the battery to be installed at a particular node of the
network is equal to the maximum PNG caused by the
worst contingency producing the disconnection of the
node. The cost of the battery is mainly determined by its
energy, and so, it is calculated taking into account the
duration of the contingency. On this way, the objective
function expressed by (1) is optimized, subject to the
constraint of the maximum budget given by (2).

1)

)

where N is the total number of nodes that are candidates
for housing a battery; PNGR; is the value of PNG avoided
by the battery; Cbs; is the cost of the battery and PT is the
total budget available for the installation of batteries.

B. Optimization of the operation of BESS

The evaluation of the effect of the batteries in the power
system  requires  taking into  account their
charging/discharging control strategy and simulating the
operation of the batteries over time.

The hourly power generated or consumed by every battery
is obtained as a result of an optimization problem that is
solved in hourly basis. In this research, the objective of
this optimization is to obtain the operation of the batteries
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to improve the integration of renewable generation and
electric vehicles, while providing support during
contingencies. With this purpose, the operation of the
batteries is optimized so that the net load curve of the
network, calculated taking into account both demand and
generation, is smoothed and a better use of network
facilities is achieved. The optimization of the operation
of the batteries is expressed as a variance optimization
problem, where the variance of the net load curve is
minimized, taking into account that the state of charge of
the batteries must be high enough to supply the power
required by the system in case of a contingency. As a
result, the objective function (3) is solved for every
battery, subject to the inequality constraints of the power
limits of charge/discharge of the battery (4) and
maximum (5) and minimum (6) state of charge.

N N :
J= %Z(;[Pbs,- + APbs; + LF]?~ %Z{; Pbs; + APbs; + LF;|  (3)
Pmax_d < PbS < Pmax_c (4)
N
(Pbs;) +S0C,-Q < Q (5)
i=0
N M
Z(Pbsi) +50C, Q> Z(LF,-) ©6)
i=0 i=0

where N is the number of optimization periods per day
(24 periods); Pbs is the power of the battery; APbs is the
sum of the power of the other batteries connected to the
network; LF is the expected load supplied by the
transformer; Pmax ¢ and Pmax ¢ the maximum charge and
discharge power; SOCy the initial state of charge of the
battery; Q the rated energy of the battery and M the
duration of the contingency.

3. Network and data description

The methodology described in Section 2 has been applied
to evaluate the influence of the installation of batteries in
the region of Murcia, in Spain. With that purpose, two
different cases have been considered: the installation of
batteries in the transmission network in large unit sizes or
in the distribution network in smaller units. The location
of batteries in LV distribution networks as part of
customers’ facilities was not considered due to the larger
installation and management cost, as well as to the lack
of visibility of these batteries by the network system
operator.

The network model used in the study includes the MV
distribution network of Murcia and the entire HV Spanish
transmission network, as shown in Figure 1. The HV
network (>20 kV) covers the whole Spanish transmission
and sub-transmission networks and their interconnections
with Portugal, France and Morocco. The MV network
comprises the whole distribution network (from 1 kV to
20 kV) of the region of Murcia (Figure 2) and is
composed of 90 radial feeders. The MV network has a

RE&PQJ, Vol.1, No.16, April 2018



meshed layout but it is radially operated, as represented in
Figure 2. Table 1 shows the number of the different
elements included in each network.

Fig. 1. HV electric transmission network, with the region of
Murcia in green colour

Fig. 2. MV distribution network of Murcia

Table I. — Number of HV and MV network elements

Areas|Nodes|Generators|Loads|Transf.|Lines
HV network| 1 2674 655 989 | 1243 | 3788
MV network| 90 [31721| 15388 |15388| 94 |33327

To build the base case, real consumption data of Murcia
during 2014 has been considered in this study. This data
consists of eight different days (one working day and one
weekend day for each season) characterizing the whole
year and whose load curves are represented in Figure 3.
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Fig. 3. Daily load curves of Murcia

From the base case, a future scenario corresponding to the
year 2025 has been built, with greater demand and
penetration level of renewable generation than the base
case, so that the benefits from the installation of electrical
storage in the electric networks can be identified. In this
future scenario, the effect of the installation of batteries
either in the transmission and distribution networks has
been analyzed.
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In the 2025 scenario, an increase of 1.7% in the load
demand per year, as considered by REE in [8], has been
considered. The load demand in the scenario 2025
includes also the demand of electric vehicles, which has
been estimated from the results of a study from Deloitte
and presented in [9]. Finally, the scenario 2025 considers
also a greater penetration of renewable energy, mainly
due to the development of PV self-consumption. In
particular, a 20% penetration level of PV self-
consumption, slightly concentrated in rural areas, has
been adopted. The methodology applied to locate PV
self-consumption installations in the distribution network
is described in [10]. Table Il shows the demand and
generation corresponding to the winter peak and the
summer peak of the base case and the future scenario.

Table 1. — Demand and generation in the base case and the
future scenario
2014 2025
Load (MW) V\;Lr;tlfr SL;)r:arlEer V\;Lr;tlfr St:)r:;r(er
Customers 992 994 1172 | 1185
Electric vehicle 0 0 18 4
Total load MV 992 994 | 1190 | 1188
Distributed generation 235 294 235 294
PV self-consumption 0 0 0 468
Total generation MV 235 294 235 762

4. Study results

In this research, the main objective of the installation of
batteries is that they can provide support during
contingencies and improve the quality of supply. So, a
contingency analysis was firstly carried out in the
transmission and distribution networks of Murcia.

In the distribution network, a topological analysis is
applied so, in the case of consecutive nodes, only the
failure at the head node is considered. In addition, the
possibility of reconfiguration of the distribution network
is also taken into account in order to reduce the PNG. As
a result of the contingency analysis in the MV
distribution network, 529 N-1 contingencies were
identified in the situation corresponding to the winter
peak, producing a total PNG of 354.9 MW. In contrast,
418 N-1 contingencies were obtained in the summer
peak, leading to 285.5 MW of PNG.

In the transmission system, the worst situation identified
because of the contingency analysis is a N-2 contingency
produced in a coastal 220 kV transmission line of
Murcia. The 220 kV system in Murcia becomes supplied
from the 66 kV network, causing voltage collapse and the
loss of several substations. This situation can be
mitigated by means of load shedding; being the load
affected in Murcia equal to 51.6 MW of PNG in the
winter-peak and 44.4 MW in the summer-peak.

The average duration of contingencies during which
batteries must provide support has been considered to be
3 hours for contingencies in overhead distribution lines
and 9 hours for failures in underground distribution lines
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and overhead transmission lines. According to [11], the
cost of the batteries differs depending on the application.
In this study, the following values have been considered:
e  Contingency support in overhead distribution line
(power/energy 1:3): 232.6 €/kWh
e Contingency support in underground distribution
line (power/energy: 1:9): 212.4 €/kWh
e Contingency support in overhead transmission
line (power/energy: 1:9): 212.4 €/kWh

From the results obtained in the contingency analysis and
by means of the application of the methodology described
in Section 2, taking into account an accumulated budget of
100 Mill. € for the purchase of batteries in 2025, two
different optimal sets of batteries have been estimated for
installation in the transmission and distribution networks
of Murcia, respectively:
e 63 batteries in the MV distribution network with a
total power of 76.5 MW, a total energy of 433.5
MWh and a total cost of 99.81 Mill. €.
e 2 batteries in the HV transmission network with a
total power of 52 MW, a total energy of 468
MWh and a total cost of 99.4 Mill. €.

The batteries calculated have the most effective size and
location that allows reducing the PNG with the minimum
cost, taking into account all the possible contingencies. In
the case of installation of batteries in the distribution
network, priority has been given to those batteries that
solve not only distribution contingencies but also
contingencies in the transmission network.

To compare the influence of both sets of batteries on the
performance of the power system of Murcia, the
charging/discharging of the batteries has been simulated
over a full year by means of solving an optimization
problem every hour, which allows determining the hourly
power generated/consumed by each battery. The operation
of the batteries in the transmission network is optimized so
that the load curve of the distribution network is smoothed
and a better use of distribution network facilities is
achieved. In the same way, the objective of the batteries in
the distribution network is the smoothing of the load curve
of HV/MV distribution transformers, which has a positive
effect on their lifetime. In the simulation, an efficiency of
93.8% has been considered in the charging and
discharging of the batteries, which means a net efficiency
equal to 88%.

Figure 4 presents an example of the behavior of one of the
batteries located in the distribution network, as a result of
the strategy adopted for the operation of the batteries. As it
is shown, the battery stores excess PV generation during
the day which is returned at night. It can be observed that
the battery does not discharge completely but it keeps a
state of charge that allows supplying the energy required in
case of a contingency. The state of charge of the battery is
kept between a maximum and a minimum limit. The
maximum SOC limit is equal to unity, since the battery
cannot be charged above its maximum capacity. In
contrast, the minimum SOC limit represents the minimum
load level necessary to cope with the contingency.
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Fig. 4. Effect of battery dispatch on the operation of one battery
in the area of S.Felix in Murcia

As a result of the optimization of the operation of all the
batteries installed in the same distribution feeder, the load
curve of the transformer supplying the feeder is smoothed
in comparison with the situation without batteries (Figure
5).
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Fig. 5. Effect of battery dispatch on the load curve of S. Felix
transformer in Murcia

The simulation of the operation of the batteries allows
analyzing their effect on electrical magnitudes, such as
voltage and power losses, as well as evaluating their
influence in the integration of renewable generation. In
the next sections, the influence of BESS on different
magnitudes, obtained as a result of this research, is
shown.

Both the calculation of the load flow and the subsequent
analysis of the data have been automated using Python
scripts, for PSS/E, and VBA macros, for Excel. In
addition, the IBM ILOG CPLEX optimization software
in the Python environment has been used for the planning
and resolution of the battery operation optimization
problem.

A. Influence of BESS on network contingencies

The contingency analysis of the power system of Murcia
under the scenario 2025 with both optimal sets of
batteries allows evaluating the influence of their location
in the power system on contingency management.

In the case of batteries in the distribution network, 460
N-1 contingencies with a PNG of 251.8 MW, are
obtained for the winter-peak, and 386 N-1 contingencies
with a PNG value of 234.1 MW, for the summer-peak.
On this way, the deployment of batteries in the
distribution network has a positive effect as it reduces the
number of outages as well as the global PNG, in
comparison with the situation without batteries. Taking
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into account whether the failure happens in the
transmission or in the distribution network, the effect of
the batteries in comparison with the situation without
batteries can be estimated also in terms of the Energy Not-
Supplied (ENS):
e Decrease of 103.1 MW in PNG and of 897.8
MWh in ENS for the winter-peak
e Decrease of 51.9 MW in PNG and of 448.2 MWh
in ENS for the summer-peak

The location of batteries in the distribution network has
also a positive influence on transmission contingency
management:
e Decrease of 8.3 MW in PNG and of 74.7 MWh in
ENS for both the winter and summer peaks.

In contrast, if the batteries are located in the transmission
network, no improvement is obtained for contingencies in
the distribution network and only contingencies in the
transmission network are solved:
e Decrease of 51.6 MW in PNG and of 464.4 MWh
in ENS for the winter-peak
e Decrease of 44.4 MW in PNG and of 399.6 MWh
in ENS for the summer-peak

It can be concluded from these results, that the
effectiveness of batteries in case of contingencies is much
higher if they are located in the distribution level since
they provide a greater PNG reduction for contingencies in
the distribution network as well as additional support for
contingencies in the transmission network. However, the
location of batteries in the transmission network solve only
transmission contingencies, without providing support
against distribution contingencies.

B. Influence of BESS on system voltages

The installation of batteries can influence the voltage
profile. To analyze their effect on voltage, two battery
control strategies have been considered in the simulation:
batteries without voltage control, injecting or absorbing
only active power; and batteries with voltage control at the
node the battery is connected to with a power factor of +
0.9. Figures 6 and 7 show the range of variation of voltage
values obtained in each case in the nodes of the
distribution feeders with the greatest installed power in
batteries when located in the MV distribution network and
closest to the area of influence of batteries when located in
the transmission network. Percentiles 5, 50 and 95 of
hourly voltage values are represented and compared with
the maximum and minimum voltage values of + 7%
allowed in the distribution network. It is observed that the
installation of batteries in the distribution network
increases the lower voltage level in comparison with the
situation without batteries and that the influence is more
noticeable when batteries with voltage control are
considered. In contrast, the installation of fewer batteries
with higher power in the transmission network has a
negligible effect on the voltage values obtained in the
distribution network, as their influence on voltage is
limited to a more reduced area of the power system.
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C. Influence of BESS on power losses

It has been obtained from the simulation that the effect of
the installation of batteries on network losses is not
significant due to the low value of power installed in
batteries in comparison with demand. In principle,
batteries reduce network losses in comparison with the
situation without batteries, due to the load curve
optimization carried out by the batteries, as shown in
Figure 8. The reduction is larger for batteries in
distribution as in that case batteries reduce the variance
of the load curve of the HV/MV transformer supplying
the feeder where batteries are installed, whereas in the
case of batteries in transmission they optimize the load
curve of the whole region.

Variation in annual network losses

BS Distribution BS Transmission
0,0%
-0,1%
-0,2%
-0,3%
-0,4%
-0,5%
-0,6%
-0,7%
-0,8%

Fig. 8. Influence of BESS on the variation of annual network

On the other hand, if battery losses are included, then
total losses increase, as represented in Figure 9.
However, as depicted in Figure 10, the ratio of the
reduction in network losses to battery losses becomes
larger for batteries in distribution than for batteries in
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transmission, which means that the installation of batteries
in the MV distribution may be more efficient to reduce
losses if their efficiency is improved, than the installation
of batteries in the transmission network. The efficiency of
batteries to reduce losses may be even improved if they are
operated to develop voltage control.

Variation in annual losses (network + batteries)
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0,8%
0,6%
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0,2%
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Fig. 9. Influence of BESS on the variation of annual total losses
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Fig. 10. Ratio of saved annual network losses and annual battery
losses

5. Conclusion

It is widely accepted that the application of BESS in the
power system can provide multiple system services.
However, the optimal size and location of batteries is
strongly influenced by how the batteries will be operated.
In addition, the efficiency of the batteries in the provision
of system services may depend on their size and location
within the power system so it may be questioned whether
an optimal location exists that maximizes the profit for the
power system. In this paper, a methodology has been
proposed for the determination of the optimal size and
location of batteries in the power system in order to
provide support during network contingencies. This
methodology has been applied to the actual electric
network of Murcia, in Spain, in order to evaluate the
benefits of the installation of BESS in transmission and
distribution. The results of the analysis have shown that
the installation of batteries in the distribution network
provides a better solution in case of contingency, as they
can be located to mitigate not only distribution
contingencies but also to provide support in case of
contingencies in the transmission network. In contrast, it
has been obtained that the allocation of batteries in the
transmission network provide only very limited support to
distribution contingencies leading to loss of load. The
deployment of batteries in the distribution network has
shown also to have a better performance in comparison to
the allocation of batteries in transmission, as they improve
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the network voltage profile and the affection to electricity
losses is lower.
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