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Abstract—The penetration of renewable energy sources, partic-
ularly wind energy, into power systems has been rapidly increas-
ing in recent years. However, the integration of wind power has
posed many challenges for power system operation. For instance,
this type of energy source is relatively variable and unpredictable.
The installation of this renewable source might require the grid to
transmit power at full capacity and some transmission lines could
become congested. As a result, in some operating conditions, wind
power could be curtailed, which will drive up costs for system
operators. One of the actions that can be taken to support the inte-
gration of the wind is using energy storage systems. In this paper,
a multiperiod ac optimal power flow problem with battery energy
storages (BESs) is formulated and sets of candidate buses for BES
installation are identified based on an economic criterion. Tests are
carried out on IEEE 14-bus and IEEE 118-bus systems to assess
the robustness of storage location on system operation.

Index Terms—Curtailed wind, energy storage systems (ESSs),
location, locational marginal price (LMPs), multiperiod, optimal
power flow (OPF), production cost, sensitivity, wind integration.

NOMENCLATURE

ηchi
Charging efficiency of the ESS at bus i.

ηdi
Discharging efficiency of the ESS at bus i.

θt
i Voltage angle of bus i in hour t.

θt
k Voltage angle of bus k in hour t.

Bt
i Energy of the ESS at bus i in hour t.

Bt−1
i Energy of the ESS at bus i in hour t−1.

Bmax
i Upper limit of energy of the ESS at bus i.

Bmin
i Lower limit of energy of the ESS at bus i.

Bik Line susceptance of branch ik.
c0i

, c1i
, c2i

Cost coefficients of generating units at bus i.
cdj

, cchj
Cost coefficients for charging and discharging
power of the ESS at bus j.

Gik Line conductance of branch ik.
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It
ij Magnitude of the current flowing from bus i to

bus j in hour t.
It
ji Magnitude of the current flowing from bus j to

bus i in hour t.
Imax
ij Upper limit of the current flow from bus i to

bus j.
Imax
j i Upper limit of the current flow from bus j to

bus i.
n Total number of buses.
nbr Total number of branches.
ng Total number of generators.
ns Total number of ESSs installed.
P t

i Real power injection at bus i in hour t.
Pmax

chi
Upper limit of real charging power of the ESS at
bus i.

Pmin
chi

Lower limit of real charging power of the ESS at
bus i.

P t
chi

Real charging power of the ESS at bus i in hour t.
Pmax

di
Upper limit of real discharging power of the ESS
at bus i.

Pmin
di

Lower limit of real discharging power of the ESS
at bus i.

P t
di

Real discharging power of the ESS at bus i in
hour t.

Pmax
Gi

Upper limit of real generation at bus i.
Pmin

Gi
Lower limit of real generation at bus i.

P t
Gi

Real generation power at bus i in hour t.
P t

Li
Real power of load at bus i in hour t.

Qt
i Reactive power injection at bus i in hour t.

Qmax
chi

Upper limit of reactive charging power of the ESS
at bus i.

Qmin
chi

Lower limit of reactive charging power of the ESS
at bus i.

Qt
chi

Reactive charging power of the ESS at bus i in
hour t.

Qmax
di

Upper limit of reactive discharging power of the
ESS at bus i.

Qmin
di

Lower limit of reactive discharging power of the
ESS at bus i.

Qt
di

Reactive discharging power of the ESS at bus i in
hour t.

Qmax
Gi

Upper limit of reactive generation at bus i.
Qmin

Gi
Lower limit of reactive generation at bus i.

Qt
Gi

Reactive generation power at bus i in hour t.
Qt

Li
Reactive power of load at bus i in hour t.

T The optimization horizon.
V max

i Upper limit of voltage magnitude of bus i.
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V min
i Lower limit of voltage magnitude of bus i.

V t
i Voltage magnitude of bus i in hour t.

V t
k Voltage magnitude of bus k in hour t.

I. INTRODUCTION

ENERGY storage systems (ESSs) can be an alternative to
manage wind power variability, and hence, provide flex-

ibility and reliability for power systems with high wind pene-
tration level. This technology enables electricity to be stored at
times of high wind and low demand, and then, to be released at
low wind, high demand periods. This ability to store electricity
of ESSs can efficiently compensate for the intermittent behavior
of wind power and provide economically optimal operation for
wind generation.

Potential applications of ESSs for grid-connected wind gen-
eration are thoroughly addressed in [1]. ESSs can be applied for
mitigating wind power curtailment due to limited transmission
capacity, which helps avoid any required transmission capacity
upgrade. ESSs can serve to shape a portion of wind genera-
tion, i.e., shifting a portion of wind generation from high wind,
off-peak load periods to low wind, peak load periods, for op-
timizing the overall economics. Other applications of ESSs is
hedging wind forecast uncertainties, and hence, increasing wind
generation revenues. An overview on different energy storage
technologies and their uses with renewable energy is provided
in [2]. Additional studies on other applications of ESSs such as
frequency control and risk mitigation can be found in [3]–[7].

The combined operation of the ESS and wind generation has
drawn special attention in many studies. In [8], the ESS is used
in combination with wind generation for wind curtailment re-
duction and price arbitrage. That paper investigates the optimal
scheduling of the ESS cooperating with wind farms and con-
nected to a distribution network. Daneshi and Srivastava [9]
presented a security-constrained unit commitment model with
wind and battery energy storage (BES) and discusses the role
of BES on locational pricing, economic, peak load shaving, and
transmission congestion management using an eight-bus system
case study. An increasing interest in optimal operation strate-
gies of the ESS in electricity markets, where electricity price
is an uncertainty, has been found in [10]–[12]. Akhavan-Hejazi
and Mohsenian-Rad [10] presented a stochastic programming
framework on optimal bidding of independent storage units in
the day-ahead and hour-ahead energy and reserve markets, while
Hu et al. [11] developed an optimal operation strategy for the
ESS in hourly spot markets so that profits for the storage system
are maximized. In [12], optimal energy exchange with electric-
ity markets for energy storage in wind power plants has been
considered taking into account transmission constraints.

Dealing with placement of the ESS in power grids, in [13],
a methodology is proposed to allocate the ESS in a distribution
system with high wind penetration. The ESS is optimally placed
and sized to both accommodate wind energy and minimize gen-
eration costs. Song et al. [14] used a sensitivity analysis method
to find optimal locations of ESSs for reducing transmission
congestion. Oh [15] proposed an approach for deploying stor-
age devices and discusses the feasibility and economic impact

of using storage devices. However, the approach proposed is
tested on a small system, using the simplified dc optimal power
flow (OPF) approximation. Ghofrani et al. [16], [17] and Dvi-
jotham and Chertkov [18] proposed approaches to determine
optimal placement and sizes of ESSs using the dc OPF model
and perform tests on the IEEE 24-bus system. Ghofrani et al.
[16], [17] used a two-point estimate method to optimally place
ESSs in a deregulated power system with wind integration and
the optimization problem is solved for each single period during
the considered optimization horizon. Dvijotham and Chertkov
[18] incorporate operation of ESSs into the planning problem
with optimal control schemes. The placement of ESSs in power
grids with both conventional and wind generation is also stud-
ied in [19]. The authors use a semidefinite relaxation ac OPF
model to solve the optimal placement problem and perform
tests on the IEEE 14-bus system. In [20], a dc OPF framework
is proposed for storage portfolio optimization, including stor-
age size, technology, and location in transmission-constrained
power networks. The framework is tested with the IEEE 14-bus
system. Xiong and Singh [21] proposed an approach employing
a dc power flow model for determining the optimal location and
size of an ESS in a power system with uncertain wind genera-
tion. Case studies are conducted with the IEEE 96-bus system
and Benders decomposition algorithm is applied to reduce the
computational burden.

Proposed approaches for optimal placement of the ESS have
been demonstrated with only small systems. For larger systems,
especially real-size ones, computational burden is still an is-
sue. Therefore, for the best planning of ESSs, it is necessary to
preliminarily identify the most suitable area or the best candi-
date locations for installing the ESSs. This is carried out, in the
methodology proposed in this paper, based on an ac OPF multi-
period model with BESs and wind integration for time shifting
[22] and congestion relieving applications. The main contribu-
tion of this study is identifying the best candidate locations for
storage allocation based on an economic criterion and assess-
ing the influence of storage location and size on production cost,
amount of wind to be curtailed and marginal prices. To this goal,
additionally, in this paper, the full ac OPF model is developed
to capture realistic physical power flows of the system better
than the dc approach and the relaxed models used in [15], [16],
and [18]–[20]. This approach is also much more accurate and
reliable when issues such as congestion and voltage constraints
are concerned. Moreover, in this paper, the multiperiod OPF
model is employed, which takes into account time interdepen-
dence, i.e., the problem is solved simultaneously for all periods
of the optimization horizon. In this way, the intertemporal con-
straints relevant to the storage are considered. The multiperiod
model has been demonstrated in [23] and [24] to be a more
physically suitable approach to study the operation of a storage
device and to provide better operational schedule: In this pa-
per, the proposed model is adopted, for example, to shift wind
power over time and get reduction of wind curtailment in case of
transmission congestions, thus allowing an efficient utilization
of transmission capacity.

The remainder of this paper is organized as follows: In Section
II, the methodology is described. In Section III, tests with mod-



ified IEEE 14-bus and IEEE 118-bus systems are described and
results are discussed. Finally, Section IV concludes this paper.

II. METHODOLOGY

In this section, the methodology to define the most suitable
candidate locations for ESSs is described. The optimization is
carried out on the total generation cost that represents trans-
mission system operator’s (TSO) point of view; in other words,
the goal is to improve the system operation regardless of the
revenues of the single companies operating wind farms. ESSs,
therefore, can be installed at any bus by the (TSO) in order
to maximize the efficiency and security of the overall system.
Moreover, the total time horizon considered (which could be
either one week or one month or a set of representative weeks
of the year) is discretized and the hourly operation is optimized
considering the presence of the ESSs; a multiperiod approach is
necessary to properly model the intertemporal constraint char-
acteristic of the ESSs. The multiperiod ac OPF described in
Section II-A provides as byproduct the Lagrange multipliers,
which are used in Section II-B to define the best candidate lo-
cations for ESSs.

A. Multiperiod AC OPF Mathematical Formulation

A multiperiod ac OPF model with ESS integration can be
formulated as follows [22].

1) Objective function: The objective function to be min-
imized in this model is the total production cost∑T

t=1(PCt), using as control variables ESS charging/
discharging power and generation output of all dispatch-
able generators in each period t

OF = Min
T∑

t=1

ng∑

i=1

[c0i
+ c1i

P t
Gi

+ c2i
(P t

Gi
)2 ]

+
T∑

t=1

ns∑

j=1

(cdj
P t

dj
− cchj

P t
chj

)

= Min
T∑

t=1

(PCt). (1)

In order to take into account the variability of load and
wind, two possible approaches are available: The first is
to run the model on a longer time frame, e.g., one year.
However, the tractability of the resulting problem is sub-
ject to the size of the system. The second approach, which
is typically used in power system planning, is to run the
model on a weekly basis, considering a number of weekly
scenarios representative of the most significant loading
and wind conditions (high wind-high load, high wind-
low load, etc.), weighting the results based on the weekly
energies. Therefore, the value of T depends on the time
horizon adopted in the planning problem. In particular,
in this paper, the optimization problem is run on a daily
basis, thus T = 24 h.

In (1), the first term is the production cost of all gener-
ating units. The second term is introduced so that at the
optimal solution, the ESS is not charged and discharged

at the same time. Hence, cch and cd are fictitious charging
and discharging costs applied to the ESS. When charging,
the ESS is treated as a load with the fictitious charging
cost set equal to zero (cch = 0). To prevent simultaneous
charging and discharging, the discharging cost cd is set
to a very small quantity, e.g., cd = 10−2 , as presented in
[25].

2) Equality constraints.
1) Power balance equations: Include equations for real

and reactive power at each node i in each time
period t

P t
i = P t

Gi
− P t

Li
+ P t

di
− P t

chi

=
n∑

i=1

V t
i V t

k [Gik cos(θt
i − θt

k ) + Bik sin(θt
i − θt

k )]

(2)

Qt
i = Qt

Gi
− Qt

Li
+ Qt

di
− Qt

chi

=
n∑

i=1

V t
i V t

k [Gik sin(θt
i − θt

k )−Bik cos(θt
i − θt

k )].

(3)

2) ESS energy balance equations: Include energy bal-
ance equations for each ESS i in each period t, con-
sidering charging and discharging efficiencies

Bt
i = Bt−1

i + (ηchi
P t

chi
− P t

di
/ηdi

)Δt. (4)

3) Inequality constraints.
Upper and lower limits for voltage magnitudes

V min
i ≤ V t

i ≤ V max
i . (5)

Bounds on real and reactive generation powers

Pmin
Gi

≤ P t
Gi

≤ Pmax
Gi

(6)

Qmin
Gi

≤ Qt
Gi

≤ Qmax
Gi

. (7)

Branch current limits

(It
ij )

2 ≤ (Imax
ij )2 (8)

(It
ji)

2 ≤ (Imax
j i )2 . (9)

ESS charging/discharging power bounds

Pmin
di

≤ P t
di

≤ Pmax
di

(10)

Pmin
chi

≤ P t
chi

≤ Pmax
chi

(11)

Qmin
di

≤ Qt
di

≤ Qmax
di

(12)

Qmin
chi

≤ Qt
chi

≤ Qmax
chi

. (13)

ESS energy limits

Bmin
i ≤ Bt

i ≤ Bmax
i . (14)

When the ESS is discharged, constraint (10) must be fulfilled.
Similarly, when it is charged, constraint (11) must be satisfied.

The aforementioned OPF problem is formulated as a sparse
and complete model, hence, the Lagrange multiplier λpt

i as-
sociated to the real power flow equation at bus i in period t



represents the variation of the total production cost with respect
to the variation of real injected power at the same bus, i.e., it is
the locational marginal price (LMP) at bus i in period t

λpt
i = LMPt

i = − ∂PCt

∂P t
i

. (15)

According to the formulation of the OPF model described
previously, λpt

i includes the effects of both real losses and con-
gestions.

The aforementioned ac OPF model can be applied for any
ESS technology, and in Section III, ESSs of battery technology
are employed. This ac OPF formulation has been implemented
into a multiperiod OPF model, using MATLAB 2013b software.

B. Assessment of Sensitivity

From the information provided by the Lagrange multiplier
λpt

i previously, best candidate buses and worst candidate buses
for installing ESSs are identified. Indeed, buses with the highest
Lagrange multipliers are selected as the best candidate buses,
where any variation of real injected power has greater impact
on the production cost than other buses. As a result, if the ESSs
are installed at the best candidate buses, their operation will
have higher influence on the production cost. In particular, the
procedure is described as follows.

1) First, a base case OPF (without ESS installed) is solved.
In this way, the Lagrange multiplier λpt

i is determined for
each bus i at each hour t. At this step, constraints on ESSs,
including (4) and (10)–(14), are removed from the OPF
problem. Next, the following parameter dfi is computed
for each bus i

dfi =
T∑

t=1

|λpt
i |. (16)

This parameter is then sorted: The highest values indicate
the most suitable buses for the installation of ESSs. The
lowest values, on the other hand, indicate the less sensi-
tive candidates. The aforementioned parameter takes into
account the effect of the ESSs not only for a specific hour,
but considering the whole time horizon.

2) Second, based on the total number of ESSs available, they
are connected to the system at the best candidate buses and
the OPF problem, with all constraints included, is solved.

In the following section, a set of tests is performed to discuss
both the time-shifting and congestion mitigation applications.
In each test, production costs, total amount of curtailed wind
power and hourly LMP variation are calculated and shown.

III. CASE STUDIES AND DISCUSSION

In this section, tests are performed with modified IEEE 14-
bus and IEEE 118-bus systems. Wind data are taken from real
wind records measured at a wind farm in Sicily, Italy. Load data
are also relevant to the typical load of a winter day in Italy.
Both wind and load data are suitably scaled down to fit the case
studies.

Fig. 1. IEEE 14-bus case study.

TABLE I
PARAMETERS FOR THE BES

P m a x
c h [MW] P m a x

d [MW] B m a x [MW·h] ηch ηd

30 30 120 0.90 0.90

A. IEEE 14-Bus System

The mathematical model described in Section II is tested on
the modified IEEE 14-bus system (see Fig. 1) [26]. This network
has four conventional generators (at buses 1, 3, 6, and 8) with
total capacity of 832 MW, a wind plant (at bus 2) with installed
capacity of 250 MW and BESs. BESs are added to support
wind generation due to its intermittent behavior to possibly
reduce wind curtailment, congestions, and improve the overall
economics.

Parameters for the BES are provided in Table I for different
tests carried out.

In this system, loads with peak value of 732 MW are supplied
from both conventional and wind generation. When the wind is
sufficient, it will be the priority source to supply loads and if
there is still surplus wind power, BESs will be charged. When
wind power is not sufficient, BESs will be discharged to supply
loads while respecting all technical constraints. If both wind and
BES stored energy are not enough for the loads, conventional
generators will be dispatched consequently.

From the OPF formulation described in Section II, the La-
grange multipliers of real power at each bus in each hour are
determined. The parameter dfi is then calculated for each bus i,
including the wind bus and load buses (see Table II).

From this table, the first five buses (14, 10, 9, 13, and 7) with
highest values of Lagrange multipliers are selected as the best
candidate buses to install the BESs. It is worth noticing that the
wind bus (bus 2) is among the worst candidate buses.

Next, different cases where different numbers of BES are
placed in the system are considered to assess the quality of the
sensitivities computed. The tests are categorized as in Table III.

The large BES in cases 7 and 8 is equivalent to two BESs in
cases 1–6 connected to the same bus.



TABLE II
VALUES OF THE PARAMETER dfi AT EACH BUS

Best Candidate dfi Worst Candidate dfi

Bus No. [$/MW·h] Bus No. [$/MW·h]

14 1739.16 11 1615.55
10 1662.22 4 1610.09
9 1657.42 12 1605.50
13 1633.53 5 1569.58
7 1622.41 2 1485.79

TABLE III
TESTS FOR THE IEEE 14-BUS SYSTEM

Case 0 No BES connected to the network
Case 1 One BES connected to bus 2 (the worst candidate bus)
Case 2 One BES connected to bus 14 (the best candidate bus)
Case 3 Two BESs, one at bus 2, the other at bus 14
Case 4 Two BESs connected to buses 9 and 14 (best candidate buses)
Case 5 Three BESs, one at bus 2, the others at buses 9 and 14
Case 6 Three BESs connected to buses 9, 10 and 14 (best candidate buses)
Case 7 One large BES connected to bus 2
Case 8 One large BES connected to bus 14

Fig. 2. Operational schedule of the BES in case 2.

The optimization problem is run for a period of 24 h. Opera-
tions of the BES for case 2, with one BES connected to bus 14
(the best candidate bus), are represented in Fig. 2.

As shown in the figure, the BES is charged when wind power
exceeds the load, and then, it is discharged when wind power
is insufficient to supply the load. At periods when the wind is
much higher than the load, after the storage has been charged
up to its limits, either power or energy limit, the extra wind is
necessarily curtailed.

To understand the operation of the BESs in each case, the
resulting production costs, amounts of curtailed wind power,
and LMPs of the aforementioned cases will be compared.

1) Production Costs: Production cost is the cost for gener-
ating real power by the generating units only (not including
generating cost by the storages). Generation costs of all eight
cases are shown in Fig. 3. It can be clearly seen from this figure
that the case without BESs yields highest generation cost over
the other cases. Cases with only one BES connected to the net-
work result in a noticeable reduction of generation cost and this

Fig. 3. Production costs of all cases.

Fig. 4. Amount of curtailed wind of all cases.

reduction is higher in the case when the BES is connected to
the best candidate bus (case 1 achieves about 1.9% cost savings,
while case 2 obtains approximately 2.19% cost savings com-
pared to case 0). In cases 3 and 4, with two BESs, and cases
5 and 6, with three BESs connected to the system, the produc-
tion cost is further reduced. In general, the selection of the best
candidate buses improves the system operation, although the
effect due to the total BES capacity looks more significant in
this case. Quality of sensitivities computed can be evaluated by
comparing cases 1 and 2 and 7 and 8: The comparison shows that
the candidate buses for BES installation are actually correctly
identified. Also, from the aforementioned analysis, it can be ob-
served that higher capacity of the BES added to the network can
significantly improve the overall economics of the system.

2) Curtailed Wind Energy: Wind is curtailed once there is
surplus wind but BESs have already reached their capacity limit,
either power or energy limit. This curtailment of the wind can
be viewed as an undesirable loss of “cost free” and clean energy.

From Fig. 2, the wind is possibly curtailed from hours 1 to 5,
in which wind is higher than load. Total amount of the curtailed
wind for each case can be seen in Fig. 4. Amounts of curtailed
wind energy in all eight cases vary similarly as the generation
costs. It is worth noticing that case 2 uses more wind power
than case 1 even BES in case 2 is located far from the wind
bus. The same occurs when comparing cases 7 and 8. Hence, it
is important to observe that the computed sensitivities correctly
take into account wind curtailment also.



Fig. 5. Hourly LMP variation in case 0.

Fig. 6. Hourly LMP variation in case 1.

3) LMPs: LMP is an important price indicator of unit MW·h
injection at each node and congestion in the transmission net-
work [27]. It consists of marginal unit cost, congestion cost, and
cost due to losses. Castillo and Gayme [25] demonstrated that
LMPs play a significant role in driving storage operation at low
levels of ESS integration. In this study, we examine how LMPs
are changed due to the addition of BESs at different locations.

The hourly LMP variation of all 14 buses in case 0 are pre-
sented in Fig. 5. During peak load periods, LMPs also reach
peak values while during off-peak hours their values become
much lower. This is understandable since at peak load hours,
cheap wind power is not sufficient to supply the load and more
expensive conventional generators are dispatched instead, which
causes an increase in LMPs.

Fig. 6 shows LMPs of case 1, in which a BES is connected
to bus 2 (the worst candidate bus). In this case, peak prices are
noticeably reduced for the higher peak (hours 18–20), from peak
value of about 140 $/MW·h to around 115 $/MW·h. The lower
peak (during hours 10–12) is also slightly reduced (from peak
value of about 105 $/MW·h–100 $/MW·h). This indicates that
the addition of the BES can provide additional cheap power to
loads during peak periods. The reduction in LMP values in this
case will affect the cost of supplying load at each bus.

In case 2 (see Fig. 7), both peaks are further reduced. The
second peak (hours 18–20) is considerably reduced and be-
comes almost equal to the first peak (hours 10–12), i.e., about
90 $/MW·h. This indicates the addition of BESs at a bus in the
best candidate buses has more significant influence on marginal
prices than the addition of BESs at a bus in the worst candidate
buses, which means the computation of sensitivities is correct.
For the remaining cases, similar conclusions can be drawn.

Fig. 7. Hourly LMP variation in case 2.

TABLE IV
SELECTED BEST AND WORST CANDIDATE BUSES

Best Candidate dfi Worst Candidate dfi

Bus No. [$/MW·h] Bus No. [$/MW·h]

5 658.28 37 581.38
3 654.75 114 581.21
7 650.06 115 581.18
2 649.77 23 576.83
11 648.80 38 575.17
117 647.73 17 574.39
13 637.95 30 552.03
14 631.46 8 491.40
109 624.09 9 486.10
16 623.80 10 480.64

B. IEEE 118-Bus System

To further investigate the sensitivity of the BES location and
size in congestion relieving application in a large network, an
extensive set of tests is carried out on the modified IEEE 118-
bus system [26]. The test system has 56 conventional generating
units with a total capacity of 2500 MW, two large wind farms
connected to buses 8 and 10 with a total installed capacity of
700 MW. Load with peak value of 2189 MW is supplied from
both conventional and wind generators. Generation from the
wind farms is likely to cause congestion on the way from wind to
loads, which might result in wind curtailment. In this case, BESs
are installed to charge this otherwise curtailed wind amount for
later releasing and allow an efficient utilization of transmission
lines. For this test, a congestion is observed during peak periods
on lines 8–5 and 8–30, from wind farms to loads. Parameters
for the BESs are the same as in the previous case study.

The calculated parameter dfi , the best candidate, and worst
candidate buses for installing BESs are selected as shown in
Table IV.

From this table, the best candidate buses include buses 5, 3,
7, 2, 11, 117, 13, 14, 109, and 16, while the worst candidate
buses include buses 37, 114, 115, 23, 38, 17, 30, 8, 9, and 10. It
is worth noticing that wind buses (8 and 10) are not in the best
candidate set as the optimization is carried out from a system
point of view. The tests carried out are described in Table V.

1) Production Costs: In Fig. 8, a plot of production costs of
the system in all cases is provided. Case 0 yields the highest cost



TABLE V
TESTS FOR THE IEEE 118-BUS SYSTEM

Case 0 No BES connected to the network
Case 1 One BES connected to bus 8 (one of the worst candidate buses)
Case 2 One BES connected to bus 5 (best candidate bus)
Case 3 Two BESs, one at bus 8 and the other at bus 5
Case 4 Two BESs connected to buses 5 and 117 (best candidate buses)
Case 5 Three BESs, one at bus 8, the others at buses 5 and 117
Case 6 Three BESs, two at buses 8 and 10, the other at bus 5
Case 7 Three BESs connected to buses 2, 5, and 117
Case 8 One large BES system connected to bus 8
Case 9 One large BES system connected to bus 5

Fig. 8. Production costs of cases 0–9.

compared to the others. From cases 1 to 5, the cost is gradually
reduced. This demonstrates that higher numbers of the BES in-
stalled return more economical operations of the system. The
effectiveness of a good selection of candidate buses by the sen-
sitivity computation is clear by looking at cases 1 and 2: Case 2
results in higher saving as compared to case 1. Similarly, cases 4
and 7, where there are more BESs installed at the best candidate
buses, also result in lower production costs compared to case 3,
and cases 5 and 6, respectively. Cost savings in case 8 is lower
than that in case 3 and case 9. From this analysis, it can be
deduced that in such a congested system, storage devices placed
at the best candidate buses can provide far more economical
operation than those placed at the worst candidate buses. Thus,
it is important to figure out the best candidate locations for the
planning of storage devices. Moreover, in this case, a large BES
connected to a bus in the best candidate buses can operate as
efficiently as several BESs distributed among the best candidate
buses.

2) Curtailed Wind Energy: Amounts of curtailed wind en-
ergy in all cases are represented in Fig. 9. Considering cases 1
and 2, for instance, the conclusion is that the difference in to-
tal cost (see Fig. 8) is not due to wind curtailment, like for
the aforementioned 14 bus test system, but due to congestions:
The optimal placing of BES allows, in this case, to best relieve
the congestion due to wind power. In this case, the amount of
wind energy to be curtailed is not affected by centralized or
decentralized placement of the storage devices.

3) LMPs: Hourly LMP variation of all buses for each case
is also shown to discuss the impacts of BES location and size on
LMPs. Hourly LMP variation of case 0 is shown in Fig. 10. In

Fig. 9. Amounts of curtailed wind of cases 0 to 9.

Fig. 10. Hourly LMP variation of case 0.

Fig. 11. Hourly LMP variation of case 2.

this figure, curves with the highest peaks belong to load buses on
the receiving side of congested lines and curves with the lowest
prices belong to wind buses. During off-peak periods, LMPs are
about the same for all buses since there is no congestion.

Hourly LMP variation in case 1, when there is one BES con-
nected to bus 8 (one of the worst candidate buses), is basically
the same as in case 0. In case 2, with one BES added at bus
5 (the best candidate bus), the higher peak prices during the
first peak hours are noticeably lowered and those during the
second peak hours are also considerably lowered at some pe-
riods (hours 17 and 20) as shown in Fig. 11. The peak prices
are not reduced at hours 18 and 19 of the second peak period
because the limited capacity of the BES is not enough to supply
the high load during these hours. For these peak prices to get
reduced, higher capacity of the BES is required. In this case,



Fig. 12. Hourly LMP variation of case 4.

Fig. 13. Operation of the BES in case 2.

to avoid transmission congestion, the BES is charged by wind
power during low load periods, when there is no congestion,
and then, discharged to supply the cheap energy to loads during
congestion hours, hence it can help to reduce the marginal cost
during peak hours of these load buses. This operation of the
BES has effectively supported wind generation and efficiently
makes use of the available transmission capacity.

In case 4 (two BESs connected to the best candidate buses),
LMP values of the higher peak curves are further reduced during
the first peak periods and during hours 17 and 20 of the second
peak (see Fig. 12).

Now, a plot is provided (see Fig. 13) showing the opera-
tion of the BES connected to bus 5 (the best candidate bus) to
exclusively examine how it shifts wind to avoid transmission
constraint.

From this figure, the BES is charged during off-peak periods
(hours 1–5 and hours 14–16), which are also periods without
transmission congestion, and then, discharged during peak pe-
riods (hours 10–12 and hours 17–20) when congestion occurs.
Clearly, the BES has thoroughly shifted wind power from wind
side to load side to supply loads when wind power cannot be
transferred from wind farms to loads due to limited transmission
capacity.

Also, in Fig. 14, is a plot of power flows on line 8–5, con-
necting wind farms and loads. The dotted line with crosses in
the plot corresponds to the unconstrained case without BES: the
power flow limit (the dotted red line with filled circle) is not en-
forced by the optimization procedure and this would cause the

Fig. 14. Power flow on line 8–5 in case 2.

real-time curtailment of excess wind power. This figure clearly
illustrates the alternative path that the BES provides for wind
power to alleviate the congestion, i.e., the full blue line with cir-
cles. In this way, power flow on line 8–5 during low load hours
(hours 1–5 and 14–16) is increased but still lower than the flow
limit. Such flow increase is due to the wind power flow used
to charge the BES at load bus. This stored energy is released
to supply loads during peak periods, when congestion occurs.
Consequently, wind power can still be supplied to loads while
ensuring the flow limit.

IV. CONCLUSION

In this paper, the problem of selecting the best location for
ESS installation is faced. A multiperiod full ac OPF is used to
determine the sensitivities necessary to identify the buses that,
in case of installation of ESSs, allow the maximum benefit for
power systems from several points of view: the minimum overall
cost, the minimum curtailment of wind power (that could also
lead to minimum CO2 emissions), the maximum mitigation
of congestions, and the maximum benefit, in terms of energy
process. The sensitivities are computed as a byproduct of a
multiperiod ac OPF, thus taking into account not only a single
hour but the overall time horizon and possible time shifts of
generated wind power, as well as issues related to congestions
mitigation and reduction of losses. The proposed methodology
has been tested on two test systems using realistic data, and
the sensitivities have been assessed, showing a very informative
content. Moreover, the system benefits have been proved with
reference to LMPs, used here as an index of the social benefit.
The results demonstrate that the method can be easily applied
to large systems and to many different scenarios to take into
account the variability of both wind power and load.
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