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Abstract—The modern active distribution systems ne-
cessitate integrating storage systems, thereby facilitating
the large-scale proliferation of photovoltaic (PV) energy
resources. This further calls for the optimal planning of
energy storage systems, satisfying all the operational and
economic constraints. This article describes an exhaustive
storage integration method, deeming the life cycle of the
battery energy storage, the uncertainty of load and PV out-
put, and the islanded mode of operation of the system.
A two-stage mixed-integer linear programming problem is
formulated that determines the capacity and the number
of discharge cycles of the batteries in the first stage. The
lifetime of the battery based on the partial depth of dis-
charge is analyzed in the second stage. Furthermore, the
uncertainty and variability of PV and demand are taken
into account through probabilistic analysis and time-period
clustering. The method is validated on a standard 33-bus
radial distribution network for the allocation of distributed
lithium-ion batteries. Also, the method’s scalability is vali-
dated on a practical Indian distribution network and a 141-
bus distribution network of metropolitan area of Caracas
with distributed PV installations on various nodes.

Index Terms—Battery sizing and location, distributed en-
ergy storage, optimal power flow (OPF), uncertainty.

NOMENCLATURE

Abbreviations

BESS Battery energy storage system.
CRF Capital recovery factor.
DG Distributed generator.
DoD Depth of discharge.
ESS Energy storage system.
MILP Mixed-integer linear programming.
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OPF Optimal power flow.
PV Photovoltaic.
SoC State of charge.

Indices and Suffixes

es Set of battery energy storage.
g Set of diesel generators.
i, j Indexes for buses.
ij Index for branches.
Nb Number of buses.
pv Set of PV energy resources.
s Index for scenarios.
t Index for time.

Parameters and Inputs

αmin
es , αmax

es Minimum and maximum energy rating to
power rating ratio, respectively.

CE , CP Energy rating and power rating cost of battery
($/kWh and $/kW), respectively.

Cg
SU, C

g
SD Startup and shutdown cost of diesel generator

($), respectively.
gij , bij Conductance and susceptance of branch ij

(�), respectively.
IR Hourly PV irradiation (W/m2).
IRc, IRstd Certain irradiation point (150 W/m2) and

standard PV irradiation (1000 W/m2), re-
spectively.

MPt Market price ($/kW).
P dch,max

es , P ch,max
es Storage discharging and charging maximum

power limits (kW), respectively.
P demand
i,s,t Active load demand at each bus for each hour

(kW).
Ppv,s,t Hourly PV output (kW).
Qdemand

i,s,t Reactive load demand at each bus for each
hour (kVAR).

Rij , Xij Resistance and reactance of branch ij (Ω),
respectively.

VOLL Value of lost load ($/kWh).
Cfes,pc,CfDoDmax Number of cycles to failure for partial and

maximum DoD values (given by manufac-
turer), respectively.

ηch, ηdch BESS charging and discharging efficiency
(%), respectively.
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P dch,max
es , P ch,max

es Maximum charging and discharging power
limits, respectively.

P pv
rated Rated capacity of installed PV systems.

Variables

ΔVi,s,t,ΔVj,s,t Voltage deviation at bus i and bus j (kV),
respectively.

θij,s,t Angle difference of branch ij (radians).
Ees,s,t Stored energy in a battery at time “t” (kWh).
Eres, Pres Energy and power capacity of battery (kWh

and kW), respectively.
LCPi,s,t Active load curtailment at bus i during island-

ing (kW).
LCRi,s,t Reactive load curtailment at bus i during

islanding (kVAR).
Ncces Number of complete cycles of battery.
Npces Number of partial cycles of battery.
P dch

es,s,t, P
ch
es,s,t Storage discharging and charging power

(kW), respectively.
Pg,s,t Power output of diesel generator (kW).
Pij,s,t Active power flow from bus i to bus j (kW).
P grid
s,t Active power input from grid (kW).

PLij,s,t Active power loss of branch ij (kW).
Qij,s,t Reactive power flow from bus i to bus j

(kVAR).
Qgrid

s,t Reactive power input from grid (kVAR).
QLij,s,t Reactive power loss of branch ij (kVAR).
U c

es,s,t, U
d
es,s,t Charging and discharging status of battery,

respectively.
ug
s,t Diesel generator operating state.

DoDes,s,t Hourly depth of discharge of battery.
DoDpces,s,t Hourly depth of discharge of of each partial

cycle of battery.
Vi, Vj Voltage magnitude at bus i and bus j (kV),

respectively.

I. INTRODUCTION

A. Motivation and Bibliographic Review

SMART grid is a gratuity to the consumers and the stake-
holders involved in the electric grid’s generation, transmis-

sion, and distribution sections. It includes the complete mod-
ernization of the power system with smart meters, automation
devices, intelligent monitoring, demand-side management, and
self-healing capability schemes. Along with these activities,
generation units are set up in the distribution section, i.e., nearer
to the consumer premises, to reduce the transmission losses. This
shift of the electric grid from a passive network to a bidirectional
active network is due to the small generators being set up in the
distribution grid known as distributed/decentralized generation.
These distributed generators (DGs) mainly generate energy
using renewable energy resources, such as photovoltaic (PV),
wind, biomass, tidal, etc., as they are clean sources of energy
and promote sustainable development. However, the intermittent
nature and excess penetration of these resources pose problems,
such as reverse power flow, voltage fluctuations, increase in

losses, harmonic distortion, and instantaneous matching of de-
mand and supply [1], [2]. Although integrating storage systems
in the distribution network can help alleviate the aforementioned
problems if allocated optimally. Also, India’s target of 40-GW
PV rooftop installations by the year 2022 and the declining cost
of batteries will provide a fillip to the installation of energy
storage systems (ESSs) [3]. Therefore, an ESS can be seen as a
game changer in the ever-changing power system paradigm and
can serve multiple ranges of benefits. To achieve these benefits,
methods for optimal sizing, allocation, and operation of ESSs
are required.

The optimal location and sizing of storage have been ad-
dressed extensively in the literature, taking various parameters
with diverse objectives and constraints. In the literature, peak
management, voltage and frequency regulation, minimizing
renewables stochasticity, and back up are the main functions
of a storage system [2]. To serve these applications, plan-
ning of energy storage in a distribution system is necessary.
The planning problem in an active distribution network is the
mixed-integer nonlinear programming (NLP) problem, which is
computationally intractable. Various approaches, such as heuris-
tics, mathematical optimization, and artificial intelligence, are
reviewed [1], [2], [4]. Santos et al. [5] and Aien and Fotuhi-
Firuzabad [6] formulated the problem as an optimal power flow
(OPF) to determine the location and size of storage systems.
These formulations consist of a nonconvex power flow equation
that requires certain relaxations and increases the computational
burden. Also, second-order cone programming-based OPF re-
laxation models used in some works may face difficulties in
reverse power flow. The technique explained in [6] aimed at
finding the most favorable storage configuration for preventing
over-voltage and under-voltage in a distribution network. The
use of heuristics for the location and OPF convex relaxation
framework for sizing minimizes the total deployment cost of
storage. The technical definition of heuristic signifies “it as a
simple procedure that helps find answers to difficult questions
though often imperfect”. Thus, the planning problem’s formula-
tion as a heuristic procedure does not guarantee global optima.
Lyzwa et al. [7] proposed an energy mix model, particularly for
investment planning using mixed-integer linear programming
(MILP). Moreover, the traditional planning models have not yet
included the range of grid services, provided by energy storage
devices and their life cycle assessment. They are not designed
to identify the benefits of storage in terms of grid flexibility [4].
With the increase in the proliferation of PV rooftop installations,
researchers’ focus is shifted to energy storage optimization,
including uncertainty, islanded operation, and the life cycle of
the facility. The lifespan of batteries was considered in [8] by
formulating two objective functions representing energy losses
and the total investment cost of the DG and battery installations.
It also considers factors, such as the temperature and depth of
discharge (DoD) affecting the lifespan of the battery. Battery
aging is a nonlinear process that depends on stress factors,
such as time, temperature, state of charge (SoC), DoD, and
number of charging/discharging cycles [9]. Antoniadou-Plytaria
et al. [10] modeled the cycling and calendar aging of the battery
by considering a degradation cost model. Also, Shen et al. [11]
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TABLE I
TAXONOMY OF THE REVIEWED LITERATURE

� = Considered; ✗=Not considered

illustrated a cycle life estimation model of battery using bat-
tery DoD, temperature, and current rate. In [12], the battery’s
degradation was taken into account with a fixed load profile for
the battery and only one continuous variable with a nonlinear
objective function. The method proposed in [13] considered
the impact of a prefixed maximum DoD on expected lifetime
and fixed inputs for load demand and renewables. However,
many of the works have not yet considered lifetime estimation
using partial and complete charging/discharging cycles. The
uncertainty is captured by using a probabilistic unit commit-
ment technique [14]. Santos et al. [15] formulated a multistage
distribution expansion planning problem as a MILP to determine
the optimal location and sizing of distributed energy resources.
The uncertainty of PV and load in this article is quantified
using multiscenario modeling. Moreover, many approaches are
used in the literature for capturing the uncertainty of PV and
load techniques, such as scenario generation and reduction and
probabilistic and possibilistic analysis [16]–[18].

However, the main challenge for integrating storage in the
distribution network is its optimal allocation by considering the
various factors, such as characteristics of different technologies,
DoD, charging and discharging cycles impact on life cycle,
distributed or aggregated placement, [19] etc.

B. Aim and Contribution

Corresponding to the abovementioned literature survey, there
is a growing interest in the optimal planning of storage systems
using stochastic formulation, distributed placement, etc. Several
applications to distributed energy storage are also well-presented
in the literature [1], [2]. However, there are certain gaps from
the following perspectives.

1) The handling of the lifetime of the battery is overlooked.
It is inferred from Table I that either fixed lifetime of
battery is considered or lifetime is estimated using only
complete cycles of discharge.

2) The islanded mode of operation increases the sizes of
storage required [14]. Different sizes for islanded and

grid-connected mode are given in literature, which is
practically infeasible.

Considering the abovementioned perspectives, this article
aims to find the optimal location and size of batteries in a
distribution network to minimize the voltage fluctuations when
there is a high penetration of PV-based DGs. Besides, the op-
timally located batteries will reduce the losses, and also help
in smoothing the fluctuating output of PV. The sizing problem
proposed here is unique, which includes the partial cycles of
discharging of batteries for lifetime assessment. The planning
problem proposed here can also be used as a subproblem in the
case of scheduling, as it uses a linearized ac-OPF where losses
are modeled using the special-ordered set of type-2 (sos2) model.
The main contributions of this article are as follows.

1) Distributed battery ESS (BESS) planning, including can-
didate buses placement, islanded and grid-connected
mode of operation, the uncertainty of PV and loads, and
estimation of battery’s operating life cycle, is proposed
for an active distribution system.

2) The proposed approach considers estimating battery life
based on partial and complete discharging cycles and the
number of cycles to failure dependence on the upper limit
of DoD.

3) A linearized ac-OPF-based MILP model is described in
this article. The model’s computational intractability is
reduced, and accuracy is increased by modeling the line
losses using sos2-based approximation.

4) Scenario-based modeling of PV and demand, as uncer-
tainty of loads and renewable energy resources will affect
the optimal allocation decision.

C. Article’s Framework

The rest of this article is organized as follows: Section II
briefly describes the modeling and problem formulation with a
list of all the constraints and the objective function. Besides,
Section III illustrates proposed method and the modeling of
uncertain and variable parameters. Section IV presents the val-
idation of the work. Finally, Section V concludes this article.
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II. MODELING AND PROBLEM FORMULATION

A. Brief Outline of the Problem

This article’s general objective is to identify connection buses
and capacity for BESS to minimize the investment and operation
cost of a radial active distribution system. Here, the problem is
formulated by identifying the candidate buses suitable for plac-
ing the storage devices in the system. A comparative study has
been carried out based on the result of candidate bus placement,
and taking into account all the buses (except the slack bus) of the
system for BESSs placement. Since the planning and operation
of energy storage will be affected by uncertainty, operating mode
(islanded or grid-connected mode), and battery lifetime, the key
contribution of the proposed approach lies in incorporating all
these factors. Furthermore, this article considers a linearized
ac-OPF-based MILP model for representing the distribution net-
work system and BESS. Also, an algorithm is formulated in the
second stage to determine the number of cycles of BESS. This
takes into account the partial DoD values and the maximum DoD
for the estimation of the battery life cycle. The uncertainty of
load and PV is addressed by generating scenarios. A time-period
clustering method is used for selecting the representative day
to retain the chronological sequence for analyzing the battery
operation throughout a day. The proposed method is tested on
a PV penetrated 33-bus radial distribution system. To show the
scalability of the method, a 115-node practical Indian distribu-
tion network and a 141-bus distribution network of metropolitan
area of Caracas are used. The constraints and the objective of
the formulated problem are given in the following section.

B. Operational Equations

1) Network Constraints:
a) Power Flow Equations: The ac power flow equations

[see (1) and (2)] representing active and reactive power
flow through branch ij are nonconvex and nonlinear.
Therefore, using these equations in distribution system
planning is extremely undesirable.

Pij = V 2
i gij − ViVj (gij cos θij + bij sin θij) (1)

Qij = − V 2
i bij + ViVj (bij cos θij − gij sin θij) . (2)

Two practical assumptions are made to simplify the afore-
mentioned equations to be linear and solved using a linear
programming approach. The first assumption is related
to nodal voltage magnitudes, which are assumed close
to the rated voltage in a distribution network, as given in
(3). Also, the small voltage angle difference of a branch ij
leading to the approximation of sin θij≈θij and cos θij≈1
is considered. However, this assumption is valid only if the
active power flow dominates the apparent power flow [20].

Vi = 1 +ΔVi

where ΔV min ≤ ΔVi ≤ ΔV max. (3)

The values of ΔV min and ΔV max in this article are
considered as−0.05 and +0.05 per unit, respectively [21].

On substituting the abovementioned assumptions and ne-
glecting the product of small variables (θij , ΔVi, and
ΔVj), the linearized ac power flow through a branch ij
is expressed as

Pij,s,t = (ΔVi,s,t −ΔVj,s,t)gij − θij,s,tbij (4)

Qij,s,t = − (ΔVi,s,t −ΔVj,s,t)bij − θij,s,tgij . (5)

b) Nodal Power Balance: For all time instants, the load
should be satisfied at each and every node. Applying the
Kirchhoff’s current law at each node, i.e., the sum of all
injections is equal to the sum of all withdrawals, and is
given as

P grid
s,t + Ppv,s,t + LCPi,s,t + P dch

es,s,t − P ch
es,s,t = P demand

i,s,t

+
∑

out,j∈Nb

Pij,s,t −
∑

in,j∈Nb

Pij,s,t +
∑

out,j∈Nb

0.5 ∗ PLij,s,t

+
∑

in,j∈Nb

0.5 ∗ PLij,s,t (6)

Qgrid
s,t +LCRi,s,t=Qdemand

i,s,t +
∑

out,j∈Nb

Qij,s,t−
∑

in,j∈Nb

Qij,s,t

+
∑

out,j∈Nb

0.5 ∗QLij,s,t +
∑

in,j∈Nb

0.5 ∗QLij,s,t. (7)

Unlike the nonlinearized ac power flow, which captures
the losses inherently, the linearized approach presented
here relinquishes this property. Therefore, the losses in
the lines need to be modeled separately.

c) Modeling of Losses: In an ac power flow model, the losses
can be modeled and expressed as

PLij,s,t = Pij,s,t + Pji,s,t. (8)

However, due to the linearization method, the power flow
through the same line when measured at bus j is

Pji,s,t = −(ΔVi,s,t −ΔVj,s,t)gij + θij,s,tbij . (9)

Therefore, the losses however modeled in terms of
the quadratic active and reactive power flows in each
feeder [22] are given by

PLij,s,t = (P 2
ij,s,t +Q2

ij,s,t)Rij (10)

QLij,s,t = (P 2
ij,s,t +Q2

ij,s,t)Xij . (11)

The abovementioned quadratic expressions of active and
reactive power flow are modeled by creating a mixed-integer
sos2-based approximation [23].

2) Energy Storage Constraints: The equations given in this
section are used for modeling the battery energy storage to be
optimally allocated. The given equations are generalized to be
used for any energy storage device [15], [5]. However, this article
considers batteries as the most captivating storage systems for
low-voltage distribution networks due to their sufficient energy
and power rating. The various constraints with a brief clarity on
the equations are given as follows.
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Fig. 1. (a) DoD versus number of cycles for lithium-ion batteries.
(b) Illustration for the partial and complete cycle.

The absolute SoC is the total amount of energy stored in the
battery at time t expressed as

Ees,s,t = Ees,s,(t−1) −Δt

(
P dch

es,s,t

ηdch
− P ch

es,s,tηch

)
. (12)

Also, this energy balance is validated at the end of every time
interval. Expression in (13) is added to prevent simultaneous
charging and discharging of batteries

U c
es,s,t + Ud

es,s,t ≤ 1. (13)

The initial and final energy stored level is maintained the same
with half of the energy capacity of the battery as

Ees(1) = Ees(t) = 50%Eres (14)

where t is the end of the day, i.e., 24 h.
The charging and discharging power of the battery is limited to

a maximum charging and discharging in the battery to prevent
overcharge and overdischarge. This will aid in the life cycle
improvement of the battery as overcharging and overdischarging
can affect the lifetime of the battery.

0 ≤ P dch
es,s,t ≤ Ud

es,s,t ∗ P dch,max
es

0 ≤ P ch
es,s,t ≤ U c

es,s,t ∗ P ch,max
es .

(15)

The power and energy rating of the batteries are correlated
with respect to the minimum and maximum discharge time,
which is assumed as 0 and 4 h, respectively, in this article. Hence,
the upper and lower bound to the energy rating of the batteries
are given by

αmin
es ∗ Pres ≤ Eres ≤ αmax

es ∗ Pres (16)

a) Depth of Discharge: DoD and the number of charg-
ing/discharging cycles are the parameters selected for an-
alyzing the cycle life of lithium-ion batteries. The number
of charging/discharging cycles or cycle life depends on the
normally used capacity of the battery. Also, the number of
cycles of a battery decrease with an increase in the DoD
Fig. 1(a) shows the variation of cycles to failure with DoD
for two different compositions of lithium-ion batteries. It
can be inferred that the battery has more useful cycles
if it is regularly discharged at less DoD value instead of
less frequent draining of battery to maximum DoD. It is
also evident that there is no need to discharge the battery

completely before recharging. Nonetheless, most of the
published literature does not distinguish between partial
and complete cycles (maximum DoD) for evaluating the
battery’s life cycle. Fig. 1(b) shows the difference between
the complete and partial discharging cycle of a battery.
The lithium-ion batteries work on charge cycles, and one
full cycle will be defined if 100% of the battery capacity
is utilized, but not necessarily from one charge. Hence,
the DoD evaluation is considered in the second stage of
the method with known energy ratings of the batteries
(obtained from first stage results) to evaluate the lifetime
based on the number of cycles to failure provided by
the manufacturer. Here, the DoD of each partial cycle is
evaluated using the expressions [see (17) and (18)], and
then the battery’s lifetime is assessed in years.

DoDes,s,t = 1 − Ees,s,t

Eres
(17)

DoDpces,s,t = DoDes,s,t − DoDes,s,t−1. (18)

b) Number of Cycles: The following formulation is used
to determine the number of partial cycles of a battery.
One partial cycle is counted when the discharging status
of the battery changes from 1 to 0 and again to 1. The
equations for estimating the number of cycles as modeled
in “YALMIP” are given as follows:

Case1, [(U
d
es,t − Ud

es,(t−1)) = 1 ⇒ Npc(es,t) = 1]
(19)

Case2, [(U
d
es,t − Ud

es,(t−1)) = 0 ⇒ Npc(es,t) = 0]
(20)

Case3, [(U
d
es,t − Ud

es,(t−1)) = −1 ⇒ Npc(es,t) = 0]
(21)

and Case1 + Case2 + Case3 = 1.
(22)

c) Evaluation of BESS Lifetime: The BESS lifetime can be
estimated by calculating the degradation due to partial and
complete cycles with the cycles to failure at each DoDpc.
The manufacturer provides the number of cycles to failure
at each DoD. Hence, the lifetime of the battery is based on
the Miner’s rule for fatigue damage [24]. The following
expression evaluates the lifetime based on the degradation
of the battery due to the partial and complete number of
cycles performed for each DoD level:

ESLifetime =
1∑

DoDpc

Npces
Cfes,pc

. (23)

The lifetime evaluated from (23) is then utilized to com-
pute a limit to the number of complete cycles of BESS
placed at each node. The number of cycles per day of the
battery is then limited by the constraint expressed as

Ncces ≤ CfDoDmax

ESLifetime
. (24)
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Here, for each BESS, the number of complete cycles for
each year is limited to eliminate the replacement cost from
the objective function.

C. Objective Function

The objective of the proposed planning framework is designed
to minimize the investment and operation and maintenance cost
of the system subjected to the abovementioned constraints. This
article considers lithium-ion batteries as the storage technology
to be deployed in the test network due to the high energy
density and an increased number of cycles to failure with fewer
maintenance requirements. The values of energy rating and
power rating cost with 4 h of discharging are taken from [25].
Also, the fixed operation and maintenance cost is selected as
2.5% of power rating capacity [25]. A capital recovery factor
(CRF) with a 4% rate of interest and eight years of a lifetime is
multiplied with the cost parameters for normalization. For the
grid-connected mode of the system, the objective function is
formulated as

OF = CRF((CE ∗∑es Eres + CP ∗∑es Pres)+∑
s,t MPs,t ∗ P grid

s,t + 0.025 ∗ CP ∗∑es Pres

CRF = r(1+r)l

(1+r)l−1
.

(25)

However, the islanded mode of the system is supported by
diesel generators for minimizing the amount of load curtailment.
Here, the objective function for operation and maintenance is
designed to minimize the investment and operation cost and the
amount of load curtailment.

OF = ug
s,tFg(P

g
s,t) + SUg

s,t + SDg
s,t + CRF ∗ (CE ∗∑es

Eres + CP ∗∑es Pres + 0.025 × CP ∗∑es Pres)+∑
s,t (LCPi,s,t + LCRi,s,t)VOLL

SUg
s,t = Cg

SUmax(ug
s,t − ug

s,t−1, 0)
SDg

s,t = Cg
SDmax(ug

s,t−1 − ug
s,t, 0).

(26)

All the abovementioned constraints and objective are used to
formulate an ac-OPF solution technique for the proposed prob-
lem. The proposed algorithm for finding the optimal solution to
the problem is explained in the following section.

III. PROPOSED ALGORITHM

A brief description of the problem is given in the previous
section, and the flow chart of the algorithm for the total storage
allocation problem in a distribution network is shown in Fig. 2.
It shows that the formulated optimal sitting and sizing problem
is divided into two stages with input data of load, network,
candidate buses, and other storage and network parameters.
The scenarios and the candidate buses result is used as an
input to the stage 1, which solves an ac-OPF algorithm with
(3)–(7), (10)–(17), and (19)–(22) as constraints and (25)–(26) as
objective. Stage 1 results in the optimal sizes of the batteries with
the discharging and charging profile. This size of the distributed
battery energy storage in the system is then used to determine
the effect of DoD on the cycle life of the batteries. The stage 2
calculates the number of cycles and the lifetime of the battery in

Fig. 2. Flow chart of the proposed optimization approach.

years by using partial and complete DoD values in the Miner’s
rule. The maximum DoD is varied from 60% to 90% and the
BESS is evaluated for lifetime variation with respect to change
in DoD. This article uses fractional DoD values obtained in
(18) to determine the cumulative degradation of the batteries.
The number of complete cycles per day given in (24) are then
limited according to the assumed project lifetime of 8 years.
Also, the planning problem is affected by uncertainty of demand
and renewables, the scenario-based probabilistic method is used
for uncertainty modeling. The method used for uncertainty and
variability analysis is explained in the subsequent section.

A. Uncertainty and Variability Analysis

With the proliferation of renewable energy resources in the
distribution network, uncertainty, and variability of these re-
sources should also be considered during analysis. The PV
output considered in the problem is both variable and uncertain
due to the variation in irradiation. Also, the load demand for
the system is varying with time. One year hourly variation
of demand is considered, which follows the IEEE-RTS load
profile, as given in [26]. The PV irradiation data of 1 year are
obtained from [27]. To reduce the formulated MILP problem’s
computational intractability, the 1-year data of load demand and
PV irradiation are divided into four seasons. A representative
day of each season is obtained from the hierarchical clustering
method using Ward’s linkage [28]. The method used in this
article retains the chronological order of the data, which is not
preserved using other clustering techniques, such as K-nearest
neighbor. Based on the methods reviewed in the literature and to
deal with forecast errors for uncertainty modeling, probabilistic
modeling of demand and PV irradiation are carried out. A normal
and beta probability distribution function is selected to mimic
the variable and uncertain power demand and PV irradiation
nature [29].

f(IR : aβ , bβ) =
Γ(aβ + bβ)

ΓaβΓbβ
(IR)(aβ−1)(1 − IR)(bβ)

aβ =

[
(1 − μ)μ

σ
− 1

]
, bβ = (1 − μ)

[
(1 − μ)μ

σ
− 1

]
(27)
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Fig. 3. (a) Representative days load variation. (b) Max., min., average,
and worst scenarios of load data.

Fig. 4. (a) PV data scenarios. (b) Max., min., average, and worst
scenarios of solar data.

f(demand) =
1√

(2πσ2)
e

−1
2 ( demand−μ

σ )2
. (28)

The PV power output as a function of irradiation is then
calculated using the following expression:

Ppv =

⎧⎪⎨
⎪⎩
P pv

rated
IR2

IRstdIRc , if 0 ≤ IR ≤ IRc

P pv
rated

IR
IRstd , if IRc ≤ IR ≤ IRstd

P pv
rated, if IRstd ≤ IR

.

Thus, four base case days representing each season: 1) winter;
2) spring; 3) summer; and 4) autumn, in demand and PV irradia-
tion are considered, as shown in Figs. 3(a) and 4(a), respectively.
A total of 1000 scenarios comprising all the seasonal variations
were generated by taking the base case as mean value and a
standard deviation of 5% for both demand and PV irradiation
considering the forecast errors. The 1000 scenarios will lead
to computational burden on the solver, and hence, we have
reduced the number to 50 scenarios using the k-means clustering
technique. The worst case scenarios, such as partial cloudy
days, low value of demand, and islanding condition, are also
considered in the formulation. The representative days of each
of the four seasons and the scenarios for load and PV irradiation
are given in Figs. 3 and 4, respectively.

IV. RESULTS AND DISCUSSION

This section demonstrates the competency of the proposed
method using three case studies. The first is a standard 33-bus
radial distribution system. Furthermore, to show the proposed
method’s scalability, a modified practical IIT Roorkee campus
and a 141-bus radial distribution network are selected. The

Fig. 5. Single line diagram of 33-bus radial distribution network with
PV and DG locations.

Fig. 6. Voltage variations for 24 h and at the respective buses:
(a) without BESS; (b) with BESS allocation.

problem for all the case studies is solved using GUROBI 9.0.1
solver via YALMIP (the MATLAB 2019b interface) on a desktop
PC with 16 GB RAM and Intel(R) Core(TM) i7-8700 CPU
@ 3.20 GHz [23]. Another consideration in this article is the
deployment of batteries is to be achieved in the first year of
the planning period; thus, annualized modeling and simulation
are performed. It is different from the multiperiod planning
of bulk power systems, where new components are added in
additional years. Moreover, the distributed BESSs are planned
for the existing portfolio of the network.

A. Test System A: 33-Bus Radial Network

The 33-bus radial distribution system [22] is modified by pen-
etrating PV at buses 17, 18, 32, and 33 with a penetration level
of 80%. The data of loads and DGs are procured from [30]. The
single line diagram with PV, diesel generators’, and candidate
buses positions at respective buses is shown in Fig. 5.

A 24-h backward/forward load flow is performed on the PV
integrated system to observe the voltage violation due to PV
penetration, and the results are shown in Fig. 6(a). However,
after battery integration through the formulated method, the
voltage variations over the 24 h at respective buses is within
limits of 0.95–1.05 per unit, as shown in Fig. 6(b). Also, the
sudden change in the voltage at hours 5, 11, and 23 is due to
the islanding of the system. Thus, deploying BESSs with PV
helps better utilize the system by storing surplus power and
discharging it later.

1) Candidate Buses Selection: A battery can be connected
in a distribution system primarily in most buses due to the
less environmental and nontechnical constraints. Despite this,
electrical constraints, such as power flow, losses, and voltage
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TABLE II
SELECTION OF CANDIDATE BUSES

Fig. 7. Variation of grid power, total charging, and discharging of bat-
teries, PV, and load with islanding at fifth, 12th, and 23rd hour.

TABLE III
OBTAINED ENERGY AND POWER RATING

regulation, affect the optimal location of batteries. It is also
proved that PV and battery work well in-tandem. A comparison
for selecting the candidate buses is made between all the system
buses (except slack bus), and PV-connected buses for a grid-
connected mode deterministic formulated problem. The results
are displayed in Table II, and the buses with PV connections
with less objective value were selected as candidate buses for the
installation. Furthermore, this will result in cost-saving related
to land acquisition, site preparation, sharing of switch-gear,
transformers, interconnection, installation labor, etc.

2) Results of Stage 1: For determining the optimal sizes of
the batteries, the MILP ac-OPF problem formulation is solved
[see (3)–(7), (10)–(16), and (19)–(22)], including the loads and
PV scenarios and islanded mode of the system. Here, 3 h of
islanding is considered in a day with equal probability (1/24)
to the islanded scenarios. The total power balance for a day
is shown in Fig. 7, and the obtained sizes of battery for the
candidate buses are given in Table III. The load demand on
bus 32 is more than three times the load demand on bus 17;
therefore, the obtained rating of the battery on bus 32 is more
than bus 17. This can relieve the minimum voltage constraint
more effectively.

3) Stage 2: Life Cycle Analysis: The battery’s performance
is measured in terms of capacity, and the capacity degrades after
a specific lifetime. So, it is not conclusive to analyze a battery’s
lifetime based only on the number of charging/discharging cy-
cles, the DoD should also be looked upon. The DoD may vary,
and there are no clearly defined standards of what constitutes a

TABLE IV
LIFETIME BASED ON DOD AND NUMBER OF CYCLES

Fig. 8. (a) Number of complete cycles. (b) Number of partial cycles for
varying maximum DoD.

complete cycle. Furthermore, this article analyzes the lifetime
based on discharge depth and the number of partial and full
discharging cycles. It is observed that the determined optimal
size of the battery remained the same on varying the upper limit
of DoD from 70% to 90%. Also, there was a reduction in the
number of discharging hours of the battery. For DoD values
60% and 50%, there was a change in the batteries’ capacities at
buses 32 and 33 and a voltage violation for DoD value 50%. The
lifetime thus evaluated in years for three upper bounds of DoD
values (90%, 80%, and 70%) with the counting of the complete
and partial DoD according to the results obtained in stage 1 are
given in Table IV.

Note that the lifetime is more and degradation is less when
partial cycles are counted. The DoD value of 80% is selected
as the most optimal value, and then the number of cycles was
constrained using (24) to obtain the batteries’ final optimal size.
The number of cycles for partial and complete discharging cycles
are shown in Fig. 8.

B. Test System B: Modified IIT Roorkee Distribution
Network

The work is further extended to an Indian campus distribution
network with reasonable modifications. Most of the buildings
on the campus have rooftop solar penetrations with a total of 27
locations. When there is a low load in the system during summer
vacations or lunchtime, there is an excess PV output, which
can be utilized by integrating BESSs in the network. The IITR
network has a total load capacity of 6 MW and a PV installed
capacity of 1.8 MW, the single line diagram is shown in Fig. 9.

The voltage variations with and without storage integration at
the nodes of the IITR distribution system are shown in Fig. 10(b).
Note that the voltage variation is reduced to a small extent after
the integration of storage at the bus 109. The energy and power
rating of the battery hence calculated are given in Table V.
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Fig. 9. Single line diagram of IITR distribution network with PV and DG
locations.

Fig. 10. (a) Battery operating profile. (b) Voltage variation of the nodes
with PV, without PV, and with storage and PV.

TABLE V
OBTAINED ENERGY AND POWER RATING

TABLE VI
OBTAINED ENERGY AND POWER RATING

C. Test System C: 141-Bus Radial Distribution System

To further test the scalability of the method, a standard 141-
bus distribution network of Caracas is selected. All the data of
the system including the locations of DGs are from [31]. The
single line diagram of the system is shown in Fig. 11, and the
obtained energy and power rating are given in Table VI.

The bus voltages are represented in the form of cumulative
distribution function in Fig. 12(a). It is observed, more than
40% of the voltages are below 0.95 per unit for the base case.
After battery integration, the voltages are improved. For a typical

Fig. 11. Single line diagram of 141-bus distribution network with PV
and DG locations.

Fig. 12. (a) Cumulative distribution of voltage variation for the base
case and the battery-integrated system. (b) Battery operating profile with
and without life cycle consideration.

Fig. 13. Results of magnitude of bus voltage.

day, battery’s charging and discharging periods are shown in
Fig. 12(b), with and without life cycle consideration.

D. Verification Portfolio

1) Verification of Adopted Linearized Model With Bench-
mark: The ac-OPF formulation using YALMIP and GUROBI
denoted as MILP ac-OPF is tested for accuracy with the MAT-
POWER results of the 33-bus distribution system, and the com-
parison is illustrated through the Fig. 13 and Table VII. An NLP
method is also used for comparison of results, where losses
are modeled as quadratic functions of real and reactive power
flow and the error in voltage deviation is shown in Fig. 13. The
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TABLE VII
COMPARISON OF LOSSES AND GENERATED POWER INJECTIONS

TABLE VIII
COMPARISON OF LOSSES AND GENERATED POWER INJECTIONS

maximum error in MILP formulation is −0.3% as compared to
NLP error of −0.6% in case of voltage magnitude.

2) Numerical Results Verification: Considering the afore-
mentioned data and assumptions, the proposed optimization
problem has been solved for the following three cases.

a) Case A: With no renewable or diesel generator allocation.
b) Case B: Where PVs and diesel generators are added to

the system.
c) Case C: With PV, DGs, and BESS.

The values of the most relevant variables are analyzed and
given in Table VIII.

Case A is evaluated by forward–backward load flow as a
base case without any DG. Here, the voltage deviation is very
high. Therefore, case B is considered by adding PVs and diesel
generators to improve the voltage profile and reduce the losses.
Here, 80% of PV is proliferated, and the losses and voltages
at nodes are increased. Therefore, we have proposed a method
to improve the voltage profile and better utilize DGs. From
the table, it is clear that the operation cost of the system is
reduced with the allocation of ESSs in the distribution network.
Moreover, there is a reduction in the losses, and the voltage
profile is improved. Thus, the proposed method is verified for
the energy storage allocation in an active distribution network.
Moreover, the problem this article is formulated as MILP and
solved using GUROBI solver in YALMIP-MATLAB interface.
Hence, the mathematical optimization approach method guaran-
tees the finest global optimal solution for convex problems and
is robust for linear problems [1] and [4]. Therefore, the present
research work solutions are near optimal global solutions. A
comparative study is demonstrated in the subsequent section for
further analysis of the method.

E. Comparative Studies

1) Comparison of Deterministic and Scenario-Based Plan-
ning: Since, uncertainty is a critical element in planning, a

TABLE IX
COMPARATIVE STUDY BASED ON SCENARIO PLANNING

comparative study is performed for both systems in terms of
deterministic and scenario-based planning methods for the grid-
connected and 3 h (maximum limit with equal probability of
islanding given to each hour during a day) of islanding mode of
operation. As expected, Table IX gives that when the scenario
variations are considered, the total capacity of the BESS is
increased. Moreover, the computation time is increased due to
the increase in the number of variables and the parameters.

2) Distributed BESS Placement: A comparison with the
work given in [32] is made to establish the advantage of dis-
tributed BESS placement in the 33-bus distribution network. A
14.75-MWh BESS at bus 27 is proposed in [32] to control mul-
tiple services, such as losses and voltage regulation. However,
this article proposes 8-MWh distributed BESSs installations
to reduce losses, control the reverse power flow, and improve
voltage profile. Moreover, if there is only one battery, wherever it
is placed, the load at a nonselected bus will have more probability
of isolation. On the other hand, several distributed batteries mean
a lower probability that a load is isolated from the substation and
the battery.

V. CONCLUSION

The integration of renewable energy resources necessitates the
allocation of distributed energy storage to mitigate voltage de-
viation and defer distribution upgrades. This article illustrated a
two-stage procedure for integrating lithium-ion batteries in a PV-
penetrated active distribution network. The planning methodol-
ogy considered an ac-OPF model with the uncertainty of PV and
demand to determine the batteries’ accurate size. Moreover, the
reverse power flow due to excess PV penetration was utilized and
the voltage was within limits after the integration of batteries in
the system. The battery’s life cycle was examined in the second
stage with the partial cycle of discharge and complete discharge
cycles. For lithium-ion batteries, partial cycle discharging was
fine as there was no memory effect, and the battery does not need
full discharges periodically. From the results, it was illustrated
that with the partial cycle of discharge, the battery will last
longer. Moreover, the method used here was the mathematical
programming, which provides a robust solution, but may require
significant computation time for large and complex problems.
Also, the maximum discharging capacity of the battery grad-
ually declined with its cycles, which can be kept as a future
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research direction. Furthermore, to enhance the stability and
cost-effectiveness, a smart charging and discharging operation
can be added to the problem. In addition, different types of DGs,
such as wind, micro-turbines, and fuel cells, can be considered
an extension to the OPF formulation.
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