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Abstract Growing trend of integrating renewable energy resources in conventional
Distribution Networks and their intermittent output increase the need for Energy
Storage Systems. In this chapter, a closed form equation is proposed for optimal
management ofmulti EnergyStorageSystem in a conventionalDistributionNetwork,
analytically. Using the proposed approach, Energy Storage System can be embedded
and utilized optimally in today’s Distribution Network using the existing facilities.
In order to find optimal performance of the storage system, the objective function
is solved analytically and a closed form equation is achieved for storage system
performance. The Energy Storage System management is performed in order to
minimize total cost of daily energy loss and energy supply of the system. In addition,
technical assessment of Energy Storage System is also taken into account to obtain
a situation in which utilization of Energy Storage System is economical. In the
Optimization problem, energy price, storage utilization duration, amount of load
demand, power loss of the system, costs, limits and characteristics of storage system
are integrated in the objective function. The proposed approach is applied to two
test systems with different load levels. Obtained results indicate that the proposed
approach can be successfully applied to practical networks and enhance efficiency
of the distribution systems.
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Nomenclature

A. Acronyms
ESS Energy storage system
DN Distribution network
PV Photovoltaic
WTG Wind turbine generators
TN Transmission networks
SLDs Storage-like devices
FC Fuel cell
PEVs Plug-in electric vehicles
HESS Hybrid energy storage system
DGs Distributed generations
DR Demand response
BES Battery energy storage
ST Smart transformer
HEMS Home energy management system
MILP Mixed-integer linear programing
ADN Active distribution network
MILP Mixed-integer linear programing
OF Objective function
SOC State of charge
MaxCap Maximum capacity of ESS
MinCap, Minimum capacity of ESS
Pstorage The charge or discharge power of ESS
AvailableCap The ESS capacity which can be used
LF Load factor
Ch Charging
D.CH Discharging
ESSE Energy storage system efficiency

B. Symbols/parameters
Cost Network energy cost
C and D Denote charging and discharging period
TC Duration of ESS charging
TD Duration of ESS discharging
Pr Power price
PL Active power loss
T Time duration
PCh and PDCh Charging and discharging power of ESS, respectively
Vi∠δi Voltage of ith Bus,
rij + jxij = zij, The element (i,j) of impedance matrix
Pi and Pj Net injected power at ith and jth buses
Es The energy stored in the ESS
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PLch The active power loss of the system during charge period of
ESS

ηs The discharging efficiency
PLD Active power loss of the system during discharging period
V i
min ≤ Vi ≤ V i

max The bus voltage and indices max and min denote the upper
and lower bounds. k

Limitk The thermal limit of line k, and
Sk The power flow through line

1 Introduction

Today, ESSs are one of the fundamental devices that ensure durability of energy
supply and improve the reliability of the power system. ESSs can be utilized in
different forms and sizes. The characteristics of an ESS highly depend on the
form of the stored energy. Energy can be stored as potential, kinetic, chemical,
electromagnetic, thermal, etc. [1–3].

1.1 Motivation

Integration of renewable energy resources in DNs has attracted attentions, signif-
icantly. However, the most challenging issue related to these kinds of resources is
their variable outputs which highly depend on weather conditions. Utilization of ESS
is one the most appropriate ways to deal with this issue.

ESS refers to the apparatuses which shift generation and consumption of energy
over time. These apparatuses save energy (charge) when there is excess energy so
that it can be consumed (discharged) when required. It should be mentioned that
the charging and discharging are asynchronous and there is a transform coefficient
(η < 1) for both charging and discharging of the ESS [2, 4, 5].

In recent years, utilization of storage systems has increased dramatically due to
growth of electric load, environmental issues, financial problems and development
of technologies [6–12]. One of the most important advantages of ESS is reducing
generation investment. To meet the load demands, 20% higher than estimated load
should be generated and only 55% of total capacity is used annually [13]. However,
by optimal management and employment of ESS, more power plants can operate
close to their maximum capacity [14].

These systems which can be installed in both DN and TN, can enhance efficiency
of utilizing both renewable resources and conventional fossil fuel generators [9–12,
15]. Lots of efforts have been performed for optimal utilization of ESS using different
objective functions [16–19]. The most well-known targets that can be achieved using
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ESSs are load leveling, stability, reliability, power quality, frequency control, loss
reduction and source intermittency reduction.

ESS can be located near renewable energy-based generators such as PV and
WTG in order to improve their unpredictable behavior. In fact, ESS with control-
lable behavior can be employed besides renewable energy resources to tackle output
power fluctuations. Lots of efforts have been performed on optimal design of hybrid
systems which mainly consist of renewable energy resources (PV and WTG) and
ESSs (battery/hydrogen tank) [20].

The concept of smart grids and micro-grids are introduced as the future networks
inwhich controllability andmonitoring of the power system can be enhanced through
employing communication infrastructure [21]. In such systems, distributed renew-
able energy generators are easily embedded into network and utilized effectively.
Moreover, these systemsprovide an appropriate platform for utilizingSLDs including
energy storage systems such as batteries and devices with similar properties such as
PEVs. Optimal utilization of SLDs in smart grids can be performed easily due to
existence of adequate infrastructure [15, 21, 22].

In addition to smoothing out renewable energy output and optimal utilization of
ESS in smart grids, ESSs can also be integrated and utilized optimally in conventional
DNs. They can be charged by the power drawn from the main grid and discharged
to supply DN loads so that performance of the conventional network is enhanced
economically and technically. Many researches have been conducted in this context
[12, 16–19]. In this chapter, a new closed form equation is proposed for optimal
utilization of ESS in conventional DNs in order to enhance efficiency of the DNs
using analytical methods.

1.2 Literature Survey

Nearly, all the attempts regarding ESS utilization can be considered in four different
areas including hybrid systems, smart grids, HESS, and conventional networks.

1. Hybrid system- lots of efforts have been performed for optimal design of hybrid
systems which mainly include renewable energy resources and ESSs. These
systems which are known as micro-grids can operate in two modes including
stand-alone and grid-connected modes. Micro-grids consist of a set of DGs and
ESS. These systems can supply a building (residential, commercial, or office), a
market, or even a village. The stand-alone hybrid systems are mainly designed
to supply the load demands in remote areas. Since these areas are far from the
main grid, the more economical method for supplying the load is to establish a
micro-grid consisting of generators which are based on renewable energies such
as solar and wind. Due to unpredictable output of PVs and WTGs, presence of
ESS is almost obligatory. These systems must be designed so that the load is
supplied all the time, while the system is low cost. Thus, ESS must be designed
optimally so that it can store an amount of energywhich is sufficient for supplying
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the load demand when there is no generation. In this situation, the number or the
capacity of ESS must be obtained optimally and technically. Thus, there is no
optimal placement or utilization for ESS. In other words, ESSmust be controlled
so that excess energy of generators is stored in ESSs, then they are discharged
to load whenever needed. ESS which is mainly used for these systems is battery
or hydrogen tank which is used to supply a FC. Some efforts in this area can be
found in [23–30].

2. Smart grids—smart environment of distribution networks, micro-grids and even
homes, facilitates optimal utilization of renewable energy resources, conventional
resources, and ESS. In such networks, in addition to conventional ESS, SLD such
as PEVs can also be operated as ESS [31–33]. In [34], Demand Response (DR),
Smart management of PEVs, and smart management of thermal energy storage
are performed to reduce the cost of energy consumption for residential sector.
Game theory is used for optimal control of ESS and demand-side management
in a smart power system in [35]. A stochastic energy management of PVs, PEV
and as ESS has been performed in a smart home in [36]. The authors have tried to
charge the PEVs in low tariff electricity time and supply the load with the lowest
possible cost. Authors of [37] have implemented optimal sizing of BESS in a
smart grid equippedwithST to reduce the rate of STconverters. Thepaper showed
that the BESS incorporating with ST can operate more efficiently. A review on
HEMS includingmanagement of generators especially renewable ones, ESS, and
SLD such PEVs can be found in [38]. Mixed-integer linear programing (MILP)
has been used for sizing of a hybrid system consisting of renewable DGs and ESS
for a smart home in [39]. They have used MILP for long term tech-economical
HEMS. Real-time optimal management of charge/discharge of ESS has been
performed in [40] for a smart grid. The authors have predicted load and scheduled
an optimal ESS management, then, they have proposed an on-line algorithm for
real time energy management. Establishing a balance between energy saving and
a comfortable lifestyle aiming for lowcost energy consumption, user convenience
rates and thermal comfort level in a smart home has been done in [41]. Lots of
other efforts conducted on ESS and energy management in smart grids and smart
homes, which are equipped with smart metering devices and communication
infrastructure, can be found in the literature. It is completely obvious that in such
systems, optimal management of ESS can be performed in real-time manner
easily. Thus, high efficient operation of ESS is quite expected.

3. HESS—different storage devices have different features which determine their
application and location of use. However, in some cases, a hybrid energy storage
system is an efficient way for storing excess energy and supplying the load
in a different situation. For instance, due to high energy density of batteries
and high power density of ultra-capacitors, an HESS consisting of batteries and
ultra-capacitors is an adequate ESS for a PEV. However, it is very important to
manage such systems to have an optimal operation of HESS. In a majority of
works performed in this area, the main objective is to reduce the current stress
of batteries and increase their life time. Some of the attempts done in HESS
management can be found in [42–46].
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4. Conventional network- the three important concerns of today’s societies are
energy, environmental and financial concerns [47]. Researchers and experts
have tried a lot to deal with these crises especially in the field of electricity
energy production and management. Loss reduction methods, distributed gener-
ation incorporation, power market, micro-grids and smart grids are some of the
proposed methods to reduce the cost, fuel consumption, and the environmental
threats. Someof thesemethods such asDG integration and loss reductionmethods
are now applied to the power systems and some of them are not. ESS manage-
ment is a novel method for increasing efficiency of today’s distribution systems.
As mentioned before, ESS can be easily managed in smart grids which actually
refer to the future networks. However, in conventional networks (i.e., nowadays
networks), there is no direct communication between producers and consumers.
Thus, ESS management in conventional networks with existing facilities is very
important for enhancing efficiency of the networks and fossil fuel producers. ESS
management means managing charge and discharge of these devices to move the
generation and consumption over time aiming to enhance network performance.
Using ESSs, large and even small power plants can operate in their exact optimal
operation points; while, the load variation can be smooth out by means of ESSs.

A real-time BES management has been done in [48]. In that paper, the load
is forecasted, BES scheduling is performed, and the errors are met in real-time.
Shen et al. have discussed the ADN expansion in the presence of ESS [49]. The
charging anddischargingofESShas beenperformedaiming to shift peak and enhance
reliability. Optimal control of ESS in a micro-grid integrated with renewable energy
resources has been discussed in [50]. In that paper, an optimal power flow by which
the optimal control of ESS is obtained has been introduced. Optimal power flow
considering ESS has also been discussed in [51]. They have integrated ESS in their
proposed OPF by adding simple charge/discharge dynamics of ESS. BES also have
proposed an AC optimal power flow for optimal placing of large ESS in a power
system in the presence of wind turbine generators [52]. In that paper, changes in
storage allocation in the network are studied as a function of total storage budget and
transmission line-flow constraints. Nik et al. have used a mixed integer second-order
cone programming to solve optimal power flow ofADN for optimal sitting and sizing
of distributed ESS [53]. The problem is solved as a multi-objective optimization
problem in which the network voltage deviations; line congestion; power loss, ESS
cost, load supplying cost; etc., are considered as the objectives. Tang et al. have
performed the optimal placement and capacity ofESS in distribution networks aiming
to minimize energy loss [54]. They have simulated the distribution network as a tree
and have shown that the best place for ESS is near the leaves far from the substation.

As can be seen, lots of efforts have been done in the field of optimal allocation and
management of ESS in conventional networks, smart grids and stand-alone micro-
grids. This subject is one of the most interesting fields of research which motivated
the authors to perform the current study.
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1.3 Research Gap

Role of ESSs on performance enhancement of power systems cannot be denied. They
reduce power losses by leveling out the load profile, increase reliability by storing the
power in energy excess time and supplying the load in timeof lowgeneration, enhance
the power quality by smoothingout the loadvariation andprovide a better platform for
renewableDGpenetration by tackling their intermittent output. Asmentioned before,
lots of efforts have beendone in thefield ofESSmanagement or allocation.Numerical
and evolutionarymethods are used for optimal management or ESS setting; however,
there is no guarantee for optimal performance of ESS using these methods [55–57].
Moreover, the simulation for finding the optimal management of ESSs must be
performed once again as the load varies. Since a series of optimization problems
must be solved in each iteration and according to complexity of the problem, solving
these problems would be time consuming and unreasonable. Furthermore, in the
previous studies on optimal management of ESS, the energy price and duration of
each level are considered to be constant.

Besides all appropriate efforts done in ESSmanagement of conventional network,
and to overcome the aforementioned shortcomings, an analytical approach for ESS
management is proposed in this chapter. A novel OF which is a closed form equation
is proposed. Using this closed form equation for optimal management of ESS, the
exact optimal operation point can be achieved easily using analytical methods. The
novelties of this chapter can be addressed as follows:

1. A new formulation is introduced for operation cost of the system in the presence
of ESS.

2. A closed form equation is proposed for charging and discharging ESS with the
aim of cost minimization.

3. Analytical solution is employed to solve the optimization problem.
4. The global optimal operation point of the system is reached mathematically.
5. Optimal management of ESS is achieved in real-time.
6. The energy cost based on consumption time is taken into account.
7. Using the proposed approach, effects of ESS parameters such as efficiency and

charging rate on optimal performance of the ESS can be investigated easily.
8. A critical efficiency is calculated for each ESS by means of the proposed closed

form equation. This critical efficiency illustrates whether utilization of ESS is
beneficial for the system or not.

1.4 Chapter Organization

In Sect. 2, problem formulation is illustrated and the proposed objective function
which is a closed form equation for ESSmanagement is extracted. In this section, the
algorithm for optimal allocation and management of ESS is presented. In Sect. 3, the
simulation and results are presented for two test cases and the optimal management
of ESS is discussed. Finally, the chapter is concluded in Sect. 4.
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2 Problem Formulation

In both conventional and smart distribution grids, the power price varies in different
load levels and periods. In other words, in a deregulated environment, power price
is determined by the market participants based on network conditions. The system
operator tries to minimize the overall cost of the system. In passive DNs, the overall
cost consists of power consumption cost and active power loss. However, for the
active DNs, the total costs include not only the cost of power consumption and active
power loss, but also the cost of energy produced by different resources. Moreover,
in such a network, revenue is obtained from selling output power of resources. For
a network equipped with ESS, cost of charging and revenue of discharging are also
added to system cost. Thus, the total cost of a system equipped with ESS can be
formulated as follows (Eq. 1):

Cost = TC × Pr
C

×PLC + TD × Pr
D

×PLD + TC × Pr
C

×PCh − TD × Pr
D

×PDCh

(1)

In this equation, indices C and D denote charging and discharging period, Pr ,
PL, and T are power price, active power loss and time duration, and PCh and PDCh

are charging and discharging power of ESS, respectively. The first and second parts
of the equation are costs of active power loss of the system in both charging and
discharging periods, respectively. The third part is the cost of purchasing power for
charging ESS, and the fourth part is the revenue of selling power by discharging the
ESS.

The active power loss can be formulated as follows (Eq. 2) [58–60]:

Pl =
N∑

i=1

N∑

j=1

[
αi j
(
Pi Pj + Qi Q j

)+ βi j
(
Qi Pj − Pi Q j

)]
(2)

where

αi j = ri j
Vi Vj

cos
(
δi − δ j

)
(3)

βi j = ri j
Vi Vj

sin(δi − δ j ) (4)

And Vi∠δi is the Voltage of ith Bus, rij+ jxij= zij, is the element (i,j) of impedance
matrix, and Pi and Pj are net injected power at ith and jth buses, respectively,

Now, imagine that ESS is installed at bus m. Thus, the active power loss of the
system during charge period of ESS can be written as follows (Eq. 5):

PLCh =
N∑

j=1, j �=m

N∑

i=1,i �=m

[
αCi j

(
PCi PC j + QCi QC j

)+ βCi j
(
QCi PC j − PCi QC j

)]
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+ αCmm

(
(PCm + PCh)2 + Q2

Cm

)

+
N∑

j=1, j �=m

[
αCmj

(
(PCm + PCh)PC j + QCi QC j

)
+ βCi j

(
QCi PC j − (PCm + PCh)QCj

)]

(5)

The load level during charging period is different from the one in discharging
period. Index 1 denotes charging period. The charging period lasts for T1 and the
energy stored in the ESS in this period is Es = TC × PCh. The stored energy is
injected to the network in discharging period with time duration of TD. It should
be mentioned that TD does not have to be continuous. In other words, the charged
energy can be discharged whenever required. Considering the discharging efficiency
of ηs the discharged power can be formulated as follows (Eq. 6):

PDCh = ηs × Es

TD
= ηs × TC × PCh

TD
(6)

Based on aforementioned phrases, active power loss of the system during
discharging period would be calculated based on the following equation (Eq. 7):

PLD =
N∑

j=1
j �=m

N∑

i=1
i �=m

[
αDi j

(
PDi PDj + QDi QDj

)+ βDi j
(
QDi PDj − PDi QDj

)]

+
N∑

j=1
j �=m

⎡

⎢⎢⎢⎣

αDmj

((
PDm + ηs × TC × PCh

TD

)
PDj + QDi QDj

)

+βDi j

(
QDi PDj −

(
PDm + ηs × TC × PCh

TD

)
QDj

)

⎤

⎥⎥⎥⎦

+ αDmm

((
PDm + ηs × TC × PCh

TD

)2

+ Q2
Dm

)
(7)

Now, by substituting Eqs. (5) and (7) in Eq. (1), the cost function can be rewritten
as follows (Eq. 8):

Cost =TC × Pr
C

×

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

N∑

j=1
j �=m

N∑

i=1
i �=m

[
αCi j

(
PCi PC j + QCi QC j

)+ βCi j
(
QCi PC j − PCi QC j

)]

+
N∑

j=1
j �=m

⎡

⎢⎣
αCmj

(
(PCm + PCh)PCj + QCi QC j

)

+βCi j

(
QCi PC j − (PCm + PCh)QCj

)

⎤

⎥⎦

+αCmm

(
(PCm + PCh)2 + Q2

Cm

)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
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+ TD × PrD ×

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎛

⎜⎜⎝
N∑

j=1
j �=m

N∑

i=1
i �=m

[
αDi j

(
PDi PDj + QDi QDj

)

+βDi j
(
QDi PDj − PDi QDj

)
]

+
N∑

j=1
j �=m

⎡

⎢⎢⎢⎣

αDmj

((
PDm − ηs × TC × PCh

TD

)
PDj + QDi QDj

)

+βDi j

(
QDi PDj −

(
PDm − ηs × TC × Pch

TD

)
QDj

)

⎤

⎥⎥⎥⎦

+αDmm

((
PDm − ηs × TC × PCh

TD

)2

+ Q2
Dm

))

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

+ TC × Pr
C

×PCh − TC × Pr
D

×ηs × TC × PCh

TD
(8)

As can be seen, cost is a function of charging power, and the other parameters
are constant. It should be noticed that cost is a function of coefficients α and β

which depend on voltage magnitude and angle. Updating values of α and β requires
calculating load flow. However, numerical results show that variation of α and β by
different sizes of ESS is small and negligible [59]. With this assumption, optimum
size of ESS for each bus, given by the aforementioned relations can be calculated
from the base case load flow (i.e., without ESS). Thus, by setting derivative of the
Cost function with respect to charging power equal to zero, the optimal amount of
power charging can be achieved (Eqs. 9–11).

∂Cost (PCh)

∂PCh
=TC × Pr

C
× ∂PLC

∂PCh
+ TD × Pr

D
× PLD

∂PCh

+ TC × Pr
C

−TD × Pr
D

×ηs × TC
TD

= 0 (9)

∂PLC

∂PCh
=

N∑

j=1
j �=m

[
αCmj × PCj − βCmj × QCj

]

︸ ︷︷ ︸
A1

+2 × αCmm × (PCm + PCh) (10)

∂PLD

∂Pch
=

N∑

j=1
j �=m

[
αDmj ×

(
−ηs × TC

TD

)
× PDj − βDmj ×

(
−ηs × TC

TD

)
× QDj

]

︸ ︷︷ ︸
A2

+ 2 × αDmm ×
(

−ηs × TC
TD

)
×
(
PDm +

(
−ηs × TC

TD

)
× PCh

)
(11)

Finally, by substituting both derivatives of loss functions ( ∂PLC
∂PCh and ∂PLD

∂PCh ) in cost

function derivate ( ∂Cost (PCh)

∂PCh ), the optimal amount of charging power is achieved as
follows (Eq. 12):
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PCh =

⎡

⎢⎣
−TC × Pr

C
×(1 + AC + 2 × αCmm × PCm)

−TD × Pr
D

×
(

−ηs × TC
TD

+ AD − αDmm × PDm ×
(
2 × ηs × TC

TD

))

⎤

⎥⎦

TC × PrC ×2 × αCmm + 2 × TD × PrD ×
(

ηs×TC
TD

)2 × αDmm

(12)

Based on the obtained closed form equation, determining time duration of both
charging and discharging periods, power price at both periods, ESS efficiency, and
information of load flow, the exact optimal power charging of the ESS can be
obtained.

• Technical assessment (Effect of ESS efficiency)

One of the important parameters in ESS management is its efficiency. Regarding Eq.
(12), when PCh ≥ 0, charging ESS is economical. Thus, it can be said that there
is a critical efficiency for which PCh is zero. Whenever, efficiency of ESS is greater
than this critical value, charging and discharging of ESS is economical. To obtain
the critical efficiency, let PCh to be positive. The critical efficiency is then obtained
as follows (Eq. 13):

ηcri tical = PrC ×(1 + A1 + 2 × αCmm × PCm)

PrD ×

⎧
⎪⎨

⎪⎩
1 +

N∑
j=1
j �=m

[
αDmj × PDj − βDmj × QDj

]+ 2 × αDmm × PDm

⎫
⎪⎬

⎪⎭

(13)

As can be seen, the critical efficiency is related to different parameters such as
duration, power price, amount of load in each load level and the network character-
istics. By calculating the critical value of ESS efficiency, an appropriate ESS can be
selected to be installed in the studied system.

• Constraints

In solving the ESS management in this study, there are two kinds of constraints
including those related to ESS and those related to DN.

The constraints related to the network are voltage limit and thermal limit of the
line which can be mathematically presented as follows (Eqs. 14 and 15):

V i
min ≤ Vi ≤ V i

max (14)

Sk ≤ lim i tk (15)
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where V is magnitude of the bus voltage and indices max and min denote the upper
and lower bounds. Limitk is the thermal limit of line k, and Sk is the power flow
through line k.

The constraints related to ESS include limited capacity, charging rate and
discharging rate.

Capacity constraint: State of Charge (SOC) must lie in a predefined range as
follows (Eq. 16):

MinCap. ≤ SOC(t) ≤ MaxCap. t = 1 : 24 (16)

where

SOC(t) = SOC(t − 1) + Pstorage(t) (17)

MinCap. = (1 − DOD) × MaxCap. (18)

AvailbleCap = MaxCap. − MinCap. (19)

In these equations, t is time,MaxCap is maximum capacity of ESS, SOC is state
of charge, DOD is depth of discharge, MinCap is the minimum capacity of ESS,
AvailableCap is the ESS capacity which can be used, and Pstorage is the charge or
discharge power of ESS.

Rate Constraint: the amount of power for charging or discharging (i.e. Pstorage)
cannot exceed limitation in an hour. In other words, charging or discharging rate
must be lower than a maximum value as follows (Eq. 16.20):

∣∣Pstorage(t)
∣∣ ≤ MaxRate (20)

To satisfy this constraint,Pstorage in charging anddischargingmode canbeobtained
as follows (Eqs. 21 and 22):

In charging mode:

Pstorage(t) = min
{
Pch(t), Maxcap − SOC(t − 1), MaxCh.Rate

}
(21)

In discharging mode:

Pstorage(t) = max
{
PDisch.(t), Mincap − SOC(t − 1),−MaxDisCh.Rate

}
(22)
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2.1 Optimal Placement and ESS Scheduling

According to the previous section, optimal management of ESS can be achieved
analytically. However, the place of ESS installationmight also influence performance
of DN. Procedure of optimal placement and scheduling ofmulti ESS are illustrated in
the flowchart depicted in Fig. 1. It should be noticed that in this flowchart, Nload_level

is the number of levels considered for daily load profile, and Nbus is the number
of buses in the studied network. For each load level, the ESS is placed in all buses
and optimal management of charging/discharging of the ESS is obtained. The best
algorithm for charging/discharging ESS is obtained among different scenarios and
the best place for ESS is obtained based on benefit of ESS for the network according
to its location (Tables 1 and 2).

3 Simulation and Results

The proposed approach is applied to two standard test cases including 33-bus and
69-bus radial DNs in which the line data and bus data of these two systems can be
found in [61], and [59], respectively. The economic and technical data related to load
level, power price, power loss and system cost for both test systems are also extracted
from [62]. This information is briefly presented in Table 3. Technical information of
ESS is also illustrated in Table 4.

Simulations are performed in 4 different scenarios. In the first scenario, optimal
placement and ESS scheduling are investigated. In the second scenario, optimal
placement and scheduling of two ESSs are studied. In the third scenario, the ESS is
placed in the system and only ESSmanagement is considered. In the fourth scenario,
effect of ESSE is investigated. All the scenarios are performed for both test systems.

3.1 Scenario 1: Optimal Placement and Scheduling of 1 ESS

In this scenario, optimal location and scheduling of an ESS are obtained. In order
to investigate the effect of ESS efficiency, 5 different values are considered for ESS
efficiency. The obtained results for both 33-bus and 69-bus test systems are shown
in Tables 5, and 6, respectively.

A quick look reveals that the best place for ESS is almost near the first bus of the
system, i.e., close to the upper grid. The reason is that in this location, power loss
of the system in charging period does not vary dramatically. In other words, ESS
can be considered as a load during the charging period. Thus, by installing ESS near
the main grid, power required for charging ESS does not flow through the lines; this
results in lower power loss. Moreover, lower voltage drops may occur in the system.
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Fig. 1 The flowchart of optimal placement and ESS scheduling
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Table 1 Technical and commercial information of 33 and 69 bus test systems

LF 0.55 0.85 0.7 1

Load duration 6 6 6 6

Energy price 0.55 0.75 0.65 1

Loss 69 bus 62.909 158.11 104.48 224.87 Net cost

33 bus 59.45 148.73 98.52 210.97

Cost 69 bus 207.6 711.5 407.48 1349.2 2675.7

33 bus 196.22 669.3 384.25 1265.8 2518.3

Table 2 ESS technical information

Maximum rate Maximum capacity

33 bus 2500 10000

69 bus 2500 16000

Table 3 Optimal placement and scheduling of an ESS for different values of ESSE for 33-bus test
case

η Bus LF Status Ch./D.Ch Loss Cost Income Benefit

1 5 0.55 Ch 1666 130 5929 3002

0.85 D.Ch −1666 101 7042

0.7 D.Ch 1666 183 7216

1 D.Ch −1666 149 9105

0.97 5 0.55 Ch 1692 131 6017 2541

0.85 D.Ch −1641 185 6928

0.7 Ch 1692 101 7321

1 D.Ch −1641 149 8952

0.94 5 0.55 Ch 1718 133 6109 2073

0.85 D.Ch −1616 102 8798

0.7 Ch 1718 187 7430

1 D.Ch −1616 150 6814

0.9 5 0.55 Ch 1757 179 6391 1288

0.85 – 148 384

0.7 – 98 669

1 D.Ch −1581 125 8733

0.85 5 0.55 Ch 1807 138 6422 831

0.85 – – 148 669

0.7 – – 98 384

1 D.Ch −1536 152 8307
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Table 4 Optimal placement and scheduling of an ESS for different values of ESSE for 69-bus test
case

η Bus LF Status Ch./D.Ch Loss Cost Income Ben.

1 47 0.55 Ch 2500 63 8459 5572

0.85 D.Ch −2500 158 10,539

0.7 Ch 2500 104 10,159

1 D.Ch −2500 224 13,652

0.97 47 0.55 Ch 2538 63 8584 4904

0.85 D.Ch −2462 158 10,370

0.7 Ch 2538 105 10,308

1 D.Ch −2462 224 13,427

0.94 47 0.55 Ch 2500 63 8459 4021

0.85 D.Ch −2352 104 9874

0.7 Ch 2500 157 10,159

1 D.Ch −2352 224 12,765

0.9 9 0.55 Ch 2500 148 8739 2713

0.85 D.Ch −2246 121 9564

0.7 Ch 2500 204 10,549

1 D.Ch −2246 174 12,436

0.85 7 0.55 Ch 2500 63 8694 – 1788

0.85 – – 158 711 –

0.7 – – 104 407 –

1 D.Ch −2116 224 11,601

Thus, the ESS is placed in the buses close to the upper grid and the optimal strategy
is to charge the ESS in low power price period and discharge in high price time.

It can also be inferred from the tables that ESSE has a significant influence on
total benefit of optimal ESS scheduling. As can be seen, a mere 3% increase in
ESSE increases the total benefit by 15% and 13% for 33-bus and 69 bus test cases,
respectively. The differences between total benefit of both test systems in the case
of ESSE of 100 and 85% are staggering. Moreover, the load factor (LF) does not
influence charging or discharging rate of ESS. However, income of the network for
higher LFs is bigger.

3.2 Scenario 2: Optimal Placement and Scheduling of 2 ESSs

In this scenario, optimal placement and scheduling of multi ESSs (2 ESSs) are inves-
tigated. Similar to the previous scenario, the optimizations are performed for different
values of ESS efficiency. The optimization results are listed in Tables 7 and 8 for
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Table 5 Optimal placement and scheduling of two ESSs for different values of ESSE for 33-bus
test case

η Bus LF Status Ch./D.Ch Loss Cost Income Ben.

1 0.55 5 Ch 1666 142 11,472 7491

19 Ch 1666

0.85 5 D.Ch −1666 101 14,542

19 D.Ch −1666

0.7 5 Ch 1666 197 13,772

19 Ch 1666

1 5 D.Ch −1666 147 19,113

19 D.Ch −1666

0.97 0.55 5 Ch 1692 144 11,648 6397

19 Ch 1692

0.85 5 D.Ch −1641 101 14,313

19 D.Ch −1641

0.7 5 Ch 1692 200 13,981

19 Ch 1692

1 5 D.Ch −1641 148 18,807

19 D.Ch −1641

0.94 0.55 5 Ch 1723 147 11,861 5341

19 Ch 1723

0.85 5 D.Ch −1611 102 14,045

19 D.Ch −1611

0.7 5 Ch 1723 202 14,234

19 Ch 1723

1 5 D.Ch −1611 148 18,447

19 D.Ch −1611

0.9 0.55 5 Ch 1757 149 12,089 5248

19 Ch 1757

0.85 5 D.Ch −1581 102 13,768

19 D.Ch −1581

0.7 5 Ch 1757 205 14,506

19 Ch 1757

1 5 D.Ch −1581 149 18,076

19 D.Ch −1581

0.85 0.55 5 Ch 1807 153 12,436 4048

19 Ch 1807

0.85 5 – 148 669.3

(continued)
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Table 5 (continued)

η Bus LF Status Ch./D.Ch Loss Cost Income Ben.

19 –

0.7 5 – 98 384.2

19 –

1 5 D.Ch −1536 150 17,538

19 D.Ch −1536

33-bus and 69-bus test systems, respectively. As expected, the best places for ESSs
are determined to be close to the main grid. The results show that power loss of the
system during charging period is nearly 10% higher than the previous scenario. In
other words, increase in ESS capacity increases the power for charging ESS which
results in higher losses. Power loss of the system during discharging period is approx-
imately the same for both cases. However, total benefit of the system in the case of
two ESSs is much higher than its value for one ESS. In other words, increase in ESS
capacity enhances performance of the system. A higher ESS capacity means a higher
load during low power price and higher generation in high power price. This surely
increases benefit of system’s power supply.

3.3 Scenario 3: ESS Scheduling

This scenario investigates the situation of scheduling one ESS. In other words, in this
situation, ESS is placed in the system and the proposed approach is only performed
for optimal ESS scheduling. In this scenario, the ESS efficiencies of 85 and 95% are
considered. The predefined place for ESS is considered to be on buses 30 and 33 for
33-bus and 69-bus test systems, respectively. The results of optimal ESS scheduling
for both 33-bus and 69-bus test systems are listed in Table 9. As can be seen, since
location of ESS is not optimal, power loss is higher than its value compared to the
case where the ESS is placed in the optimal location. For instance, the power loss
of 33-bus test case for ESSE of 85% during charging mode is 242.65 for the case
of non-optimal location and 138 for optimal placement of ESS. Total benefit of the
system for optimal location is nearly 9 times higher than benefit of the case with
non-optimal location for ESSE of 85%. Thus, optimal placement of ESS can affect
system performance significantly. It is also obvious that as ESSE improves from 85
to 95%, the total benefit increases drastically.

The SOC, charging and discharging rate of ESS after optimalmanagement for two
different efficiencies including 95% (i.e. case 1), and 85% (i.e. case 2) are depicted
in Fig. 2 for IEEE-33 bus test system and 69 bus test system. As can be seen, ESS
with efficiency of 85% is not charged and discharged between 7 A.M to 18 P.M. In
other words, during these hours, utilizing ESS is not economical. The reason is that
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Table 6 Optimal placement and scheduling of two ESSs for different values of ESSE for 69-bus
test case

η LF Bus Status Ch/D.Ch Loss Cost Income Benefit

1 0.55 36 Ch 2500 63.2 16,710 13818

47 Ch 2500

0.85 36 D.Ch −2500 158 21,788

47 D.Ch −2500

0.7 36 Ch 2500 105 19,911

47 Ch 2500

1 36 D.Ch −2500 224 28,651

47 D.Ch −2500

0.97 0.55 36 Ch 2500 63.7 16,710 12,255

47 Ch 2500

0.85 36 D.Ch −2425 158 21,118

47 D.Ch −2425

0.7 36 Ch 2500 105 19,911

47 Ch 2500

1 36 D.Ch −2425 224 27,758

47 D.Ch −2425

0.94 0.55 36 Ch 2500 63 16,710 10,411

47 Ch 2500

0.85 36 D.Ch −2337 158 20,328

47 D.Ch −2337

0.7 36 Ch 2500 105 19,911

47 Ch 2500

1 36 D.Ch −2337 224 26,704

47 D.Ch −2337

0.9 0.55 36 Ch 2500 63.7 16,710 8560

47 Ch 2500

0.85 36 D.Ch −2249 158 19,535

47 D.Ch −2249

0.7 36 Ch 2500 105 19,911

47 Ch 2500

1 36 D.Ch −2249 224 25,647

47 D.Ch −2249

0.85 0.55 36 Ch 2500 135 16,946 6342

47 Ch 2500

0.85 36 – 104 407

(continued)
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Table 6 (continued)

η LF Bus Status Ch/D.Ch Loss Cost Income Benefit

47 –

0.7 36 – 158 711

47 –

1 36 D.Ch −2125 182 24,407

47 D.Ch −2125

Table 7 Optimal scheduling of an ESS for different values of ESSE

η Bus LF Status Ch/D.Ch Loss Cost Inc. Ben.

33 0.95 30 0.55 Ch 1513 244 5802 1144

0.85 D.Ch −1438 125 7875

0.7 Ch 1150 244 5441

1 D.Ch −1093 90 4512

0.85 30 Ch Ch 1505 242 5769 92.2

0.85 – – 127 1053

0.7 – – 98.5 669

1 D.Ch −1280 148 6915

69 0.95 33 0.55 Ch 2294 123 7980 1539

0.85 D.Ch −2179 128 −8882

0.7 Ch 1444 243 6136

1 D.Ch −1372 205 6774

0.85 33 0.55 Ch 1837 101 6399 359

0.85 – – 158 711

0.7 – – 104 407

1 D.Ch −1562 248 7878

Table 8 Critical values of efficiency

Discharging period→ 1 2 3 4

Charging period↓
1 – 0.77066 0.83285 0.73491

2 1.2987 – 1.1719 0.83863

3 1.2007 0.85329 – 0.79026

4 1.3607 1.1925 1.2654 –
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Table 9 Critical values of efficiency

Discharging period 1 2 3 4

Charging period

1 – 0.83625 0.78757 0.7125

2 1.2012 – 1.2378 0.79994

3 1.2697 0.85786 – 0.89546

4 1.4035 1.2514 1.1167 –

Fig. 2 SOC and rate of charge and discharge of ESS after management for case 1: efficiency of
95% and case 2: efficiency of 85% for both test systems

the critical efficiency (i.e. η critical) is higher than 85%; thus, any ESS with lower
efficiency is not reasonable to be used.

3.4 Scenario 4: Investigating Effect of ESSE on System Cost
Reduction

In this scenario, the effect of ESSE on system cost is investigated. This investigation
is performed for both test systems.
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Fig. 3 Cost variation regarding ESSE for 69-bus test system

3.4.1 69-Bus Test Case

In this system, it is assumed that an ESS is placed at bus 33. The critical efficiency
for charging in a period and discharging in another period is shown in Table 8. As
expected, the optimal performance occurs when efficiency is higher than critical
efficiency. For instance, when ESSE is 85%, the best situation occurs when the
critical efficiency is minimum. The critical efficiencies which are shown in Tables 8
and 9 reveal that charging and discharging are economical, when ESSE is higher
than critical value.

Variations of system cost regarding ESSE are depicted in Fig. 3. It is obvious
that the critical efficiency is 73.49%. Any efficiency lower than this value does not
affect system costs. Efficiencies higher than this value up to nearly 75% decrease the
system cost dramatically. Any efficiency higher than 75% would be economically
beneficial for the network.

3.4.2 33-Bus Test Case

In this system, ESS is placed on bus 30. Critical efficiencies of the ESS for charging
anddischarging in thementionedbus are listed inTable 9.The cost variation regarding
ESSE is presented in Fig. 4. As can be seen, the critical efficiency is 71.25%. Any
efficiency higher than this value decreases system cost. Moreover, efficiencies higher
than 84% not only decrease the cost, but they are also beneficial.
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Fig. 4 Cost variation with regards to ESSE for 33-bus test system

4 Conclusion

Regarding increase of renewable energy resources integration in distribution
networks, utilization of energy storage system experienced a dramatic increase. Thus,
optimal management of these apparatuses especially in conventional distribution
networks, is so important. In this chapter, a novel analytical approach for optimal
management of energy storage system is proposed. In the proposed approach, the
objective function of optimal placement andESS scheduling is reducing system oper-
ation cost; while system constraints are satisfied. In the proposed approach, power
loss, power price and load level are considered. The exact optimal operation point is
obtained by analytical method and a closed-form equation is achieved. Advantage of
the proposed approach compared to previous ones is that the exact operation point is
obtained. Moreover, because of closed-form equation, procedure of calculating the
proposed approach is much lower than the previous methods. Furthermore, in this
chapter, effect of energy storage system efficiency on optimal performance of the
ESS is investigated. Critical efficiency is also obtained analytically. Using this equa-
tion, minimum energy storage system efficiency can be obtained based on system
condition. In other words, the technical requirement of ESS needed for a system can
be obtained by the proposed approach. The proposed approach can be applied to
different storage systems.
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