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a b s t r a c t

This paper deals with an optimal battery energy storage capacity for the smart grid operation. Distrib-
uted renewable generator and conventional thermal generator are considered as the power generation
sources for the smart grid. Usually, a battery energy storage system (BESS) is used to satisfy the trans-
mission constraints but installation cost of battery energy storage is very high. Sometimes, it is not
possible to install a large capacity of the BESS. On the other hand, the competition of the electricity
market has been increased due to the deregulation and liberalization of the power market. Therefore, the
power companies are required to reduce the generation cost in order to maximize the profit. In this
paper, a thermal units commitment program considers the demand response system to satisfy the
transmission constraints. The BESS capacity can be reduced by the demand response system. The electric
vehicle (EV) and heat pump (HP) in the smart house are considered as the controllable loads of the
demand side. The effectiveness of the proposed method is validated by extensive simulation results
which ensure the reduction of BESS capacity and power generation cost, and satisfy the transmission
constraints.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Distributed renewable generators (DRGs) have gained interest
in the power sectors in order to reduce the greenhouse gas emis-
sions and power generation costs [1]. Due to the high penetration of
the DRGs (e.g. wind generation, photovoltaic, biomass, hydro, and
so on) and the deregulation and liberalization of the power mar-
kets, conventional power systems require significant amendments
in planning and operation [2]. If a high penetration of DRGs is in the
power grid, the power flow in the transmission line can be over-
loaded. As a result, it is difficult to maintain the balance between
supply and demand sides and power system stability [3e7].
Further, the competition in power trading in the power sector
increased owing to a lot of independent power producers. There-
fore, electricity producers should use conventional thermal units
efficiently so that they can lessen the operational cost and increase
the profit. The aim of the smart grid is to integrate renewable
.jp, h.h.howlader@ieee.org
sources into the conventional power system so that emissions and
power generation costs can be reduced. Optimum operations of the
high penetrating DRGs and thermal units, supply and demand
controls, transmission constraints, and energy storage manage-
ment are challenging for the smart grid system [8e14].

The revolution of industrialization and urbanization in the
modern world has caused an increase in electricity demand. If a
county has a high electricity demand, the power flow in the
transmission line may become overloaded.Therefore, the thermal
units commitment program has to consider the transmission con-
straints. The energy storage system (ESS) described in Refs. [15e17]
that satisfies the transmission constraints for thermal units
commitment program. The ESS can maintain power flow in the
transmission line within a specific range and the efficient utiliza-
tion of the ESS reduces the operation cost of thermal units. How-
ever, the installation cost of the ESSs is very high and some ESSs
require a maintenance cost too [18,19]. Therefore, it can increase
the power generation cost. Moreover, the capacity of the ESS should
be optimized in order to reduce the installation as well as the po-
wer generation costs. Refs. [20e22] propose a spinning reserve to
fulfill the transmission constraints for the thermal unit
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Nomenclature

DRGs Distributed renewable generators
PV Photovoltaic
WG Wind generation
BESS Battery energy storage system
ESS Energy storage system
HP Heat pump
EV Electric vehicle
V2G Vehicle to grid
TS Tabu search
LS Local Search
SC Solar collector
maxR maximum benefits
TGb Thermal units benefits
TGcw Cost of thermal generator without demand response
TGcd Cost of thermal generator with demand response
BESSc Battery energy storage system costs
SBi Battery capacity
PIi Inverter capacity
CI Inverter capacity cost
TGc Thermal units operating costs
SUC Startup cost
Pgi Thermal generators power
NG Total thermal unit number
NB Number of batteries
NI Number of inverters
CB Battery capacity cost
FC Fuel cost
NT Total scheduling period [hour]
i Number of units

ai Fuel constant
bi Fuel constant
ci Fuel constant
t Number of hours
T Total hours
PLi Load demand
PPVdi Photovoltaic power from demand side
PWGi Power of wind generation
PPVi Photovoltaic power from supply side
PBi Power of batteries
PEVi Power of electric vehicle
PHPi Power of heat pump
Pmax
gi Maximum power of thermal generator unit

Pmin
gi Minimum power of thermal generator unit

Ton
i Minimum up time of unit

Toff
i Minimum down time of unit

Xon
i Continuously ON time of unit

Xoff
i Continuously OFF time of unit

Pmax
Bi Maximum power of battery

Pmin
Bi Minimum power of battery

Smax
Bi Maximum state of charge
Smin
Bi Minimum state of charge
minF Minimum transmission constraints violation
Pfij Power flow between nodes i and j
Pmax
fij Transmission constraints

Pmax
EVi EV battery maximum power

Pmin
EVi EV battery minimum power

Smax
EVi Maximum state of charge of EV battery
Smin
EVi Minimum state of charge of EV battery
Pmax
HPi HP maximum power

Tiðt¼19Þ Water temperature of storage tank at 19 O’clock
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commitment program. The spinning reserve requires additional
installation and maintenance costs for the power producer.
Refs. [23e27] propose a power system using thermal units
commitment and electric vehicle (EV) technology. The EV can
deliver power to the power system through the vehicle to grid
(V2G) technology. By introducing the EV into the thermal unit
commitment program, the total operational cost of the power
system has been reduced. A thermal units commitment program
integrated with the demand response is proposed in Refs. [28e33].
The demand response can reduce thermal units cost and the
transmission constraints are satisfied. Nowadays, uncertain power
sources like DRGs are integrated with the conventional thermal
generator, therefore, the power system has to maintain the trans-
mission constraint as well as the balance between supply-demand
sides. An ESS can fulfill these requirements. On the other hand, the
advent of smart houses in the demand side, the capacity of the ESS
and utilization of inconvenient thermal units can be reduced by the
controllable loads such as EV and heat pump (HP) in smart houses.
Furthermore, over the past few years, Tabu search (TS) has been
applied to many difficult combinatorial optimization problems
because TS is one of the most efficient heuristic techniques in the
sense that it finds quality solutions in relatively short running time
[34]. Usually, TS is an extension of classical local search (LS)
methods, it can quite easily handle complicated constraints that are
typically found in real-life applications. In fact, basic TS can be seen
as simply the combination of LS with short-term memories. There
are three basic elements of the TS that are search space, neigh-
borhood solutions, and short-term Tabu lists. The search space of an
LS or TS heuristic is simply the space of all possible solutions that
can be considered (visited) during the search. A neighborhood so-
lution is constructed to identify adjacent solutions that can be
reached from current solution. Previously mentioned that TS is to
pursue LS whenever it encounters a local optimum by allowing
non-improving moves; cycling back to previously visited solutions
is stopped by the use of memories, called Tabu lists, that record the
recent history of the search, that is a key idea that can be linked to
artificial intelligence concepts [35].

This paper proposes a smart grid systemwhich consists of DRGs
(e.g. wind generation (WG) and photovoltaic (PV)), thermal units
and battery energy storage systems (BESSs) in the supply-side and a
large number of residential and smart houses in the demand-side.
A smart house is designed with a PV system, EV, HP, and solar
collector (SC). Smart houses on the demand-side are incorporated
with the thermal units and BESSs in the supply-side. The TS algo-
rithm is applied as an optimization method to determine the
optimal operation of thermal units and BESSs in the supply-side,
and EVs and HPs of smart houses in the demand side. The BESSs
satisfy the transmission constraints, and as well, the BESSs capac-
ities are optimized by integrating with the controllable loads (EVs
and HPs) of the smart houses. The proposed system is verified for
different weather conditions (e.g. fair, cloudy and rainy days), along
with different rates of demand-response such as 0%, 30%, and 50%.
Furthermore, benefits for fifteen years operation of the proposed
system in different weather and demand response conditions are
evaluated. In addition, optimized capacities of batteries and in-
verters are determined. The effectiveness of the proposed system is
verified by the numerical simulation using MATLAB® environment.

The outline of this paper is as follows: Section 2 depicts a brief
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Table 1
Parameters of each thermal units.

Unit 1 ~ 6 Unit 7 ~ 9 Unit 10 ~ 12

Pmax
gi [MW] 162 130 85

Pmin
gi [MW] 25 20 25

ai [$] 450 700 450
bi [$/MW] 19.70 16.60 27.74
ci [$/MW] 0.00398 0.002 0.00079
Toni [hour] 6 5 3

Toffi [hour] 6 5 3

costi [$] 1800 1100 520

Table 2
Load demand.

Node no. 1 2 3 4 5 6 7

Node Load PLi PL
16

PL
8

PL
8

PL
8

PL
16

PL
4

PL
4

Fig. 2. Smart-house model.

Table 3
Smart house parameters.

Maximum power (PLd) 3 kW
Inverter of EV (PEV ) 3 kW
Capacity of EV (SEV ) 15 kWh
Heat pump (PHP) 1.5 kW/4.5 kW
Photovoltaic (PPVd) 2 kW
Used hours of shower 19 ~ 22 h
Amount of Shower 100 L
Area of SC 1.6 m2

Number of SC 3
Tank capacity 370 L
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overview of the proposed smart grid model; Section 3 describes
program formulation for the smart grid; Section 4 explains the
optimal operation of the proposed smart grid system. Section 5
describes the simulation results and a conclusion is given in Sec-
tion 6.

2. Smart grid configuration

Single line diagram of the proposed smart grid system is shown
in Fig. 1. The power generation or supply-side of the smart grid
consists of WGs (e.g. WG1, WG2, and WG3), PVs (e.g. PV1, PV2, and
PV3), and thermal generators (e.g. GA, GB, GC, and GD) and BESSs
(e.g. B1, B2, B3, and B4). Parameters of each thermal generator unit
are shown in Table 1. The demand-side of the smart grid consists of
residential houses and smart houses. From Fig. 1, there are seven
different nodes (N1eN7) and each adjacent node is connected
together with a transmission line. These nodes are considered as
high voltage nodes (i.e. 7$2 kV). In node-1, WG1, PV1, and B1 are
connected through step-up transformers and transmission lines.
Thermal generators GA, GB, and GC are connected to the node-2,
node-3 and node-4 through step-up transformers and trans-
mission lines. Nodes-5 and 7 connect with similar types of power
sources as node-1. In node-6, thermal generator, GD, and BESS, B3
are connected to the step-up transformers and transmission lines.
All houses in each node are connected to the distribution buses
(D1-D7). Distribution buses are considered as low voltage buses
(i.e. 100 V). Therefore, each node is connected to a distribution bus
by using a step-down transformer and a transmission line. Also,
from Fig. 1, total load demand at time t is expressed as PL(t). The
fraction of load demand for each node is shown in Table 2. A smart
house model is illustrated in Fig. 2 which includes EV, HP, PV, and
SC. Parameters of the smart houses are shown in Table 3.

3. Program formulation for smart grid

In this section, the program formulation of the proposed smart
grid is described. The different objective functions and constraints
of the power supply-side and demand-side are presented in the
following subsections.

3.1. Power supply-side formulation

The problem in this paper is represented by an optimization
problem which is formulated by the following objective function
and constraints.

(A) Objective function:

The supply-side of this paper considers BESSs and uses demand
response to satisfy the transmission constraints. Therefore, the aim
Fig. 1. Single line diagram of proposed smart grid system.
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of the objective function is to maximize the benefits (max R) of the
power supply-side.

max R ¼ TGb � BESSc (1)

where TGb and BESSc are the profits from the thermal generator
during 15 years [$] and the BESS cost [$] respectively. The TGb is
represented as follows:

TGb ¼ ðTGcw � TGcdÞ � 365� 15 (2)

where, TGcw and TGcd are the cost of thermal generator without
demand response and with demand response respectively.

The BESSc is defined as follows:

BESSc ¼
XNB
i¼1

ðSBi$CBÞ þ
XNI
i¼1

ðPIi$CIÞ (3)

where, SBi, PIi, CB, CI, NB, and NI are battery capacity [MWh],
inverter capacity [MW], battery capacity cost [$/MWh], inverter
capacity cost [$/MW], number of batteries and number of inverters,
respectively.

The total cost of thermal generator units TGc is determined from
the following equation:

TGc ¼
XNT
t¼1

(XNG
i¼1

�
FCi

�
PgiðtÞ

�þ SUCiðtÞ
�)

(4)

whereNT, NG, FCiðPgiðtÞÞ, PgiðtÞ, and SUCi are total scheduling period
[hours], total thermal generator units, fuel cost function [$] of unit i
at hour t, output power of unit i at hour t and startup cost [$] of unit
i at hour t, respectively. Fuel cost is formulated as a following
quadratic function of the output power of thermal units that pro-
vides an accurate result of fuel cost [36,37]:

FCi
�
PgiðtÞ

� ¼ ai þ biPgiðtÞ þ ciP
2
giðtÞ (5)

where, ai, bi, and ci are fuel constants.

(B) Constraints:

Several constraints are considered for the power supply side i.e.
the power balance constraint, thermal units constraints, and bat-
tery constraint.

(i) Power balance constraint

The summation of thermal units of output power, battery output
power, PV output power, and wind generator output in each
scheduling time t should correspond to the summation of load
demand in each node PLi.

PLðtÞ ¼
X
i¼1

7
PLiðtÞ

¼
X
i¼1

12
PgiðtÞ þ

X
i¼1

3
PWGiðtÞ þ

X
i¼1

3
PPViðtÞ þ

X
i¼1

7
PPVdiðtÞ

þ
X
i¼1

4
PBiðtÞ þ

X
i¼1

7
PEViðtÞ �

X
i¼1

7
PHPiðtÞ (6)

where PLi, Pgi, PWGi, PPVi, PPVdi, PBi, PEVi, and PHPi are the load demand
[MW], thermal generator power [MW],WG power [MW], PV power
in the supply side [MW], PV power in the demand side [MW],
battery power [MW], EV battery power [MW], and HP power [MW],
respectively.

(ii) Power limit constraint of thermal generator

The thermal generator power of unit i at hour t is constrained
within the limits Pmax

gi and Pmin
gi .

Pmin
gi � PgiðtÞ � Pmax

gi (7)

where Pmax
gi and Pmin

gi are the thermal generator maximum power of
unit i [MW] and the thermal generator minimum power of unit i
[MW].

(iii) Minimum up or down time of units

Due to the operational limitations, once one unit is committed
or uncommitted it should be kept stable for a minimum period of
time before a transition. This leads to the following equations:

Toni � Xon
i ðtÞ (8)

Toffi � Xoff
i ðtÞ (9)

where Ton
i , Toff

i , Xon
i and Xoff

i are the minimum up or down time
[hour] and duration of being continuously ON or OFF [hour] of
generating unit i.

(iv) Battery’s power limit constraint

The power of each battery is constrained within the limits Pmax
Bi

and Pmin
Bi .

Pmin
Bi < PBi < Pmax

Bi (10)

where Pmax
Bi and Pmin

Bi are the battery’s maximum power [MW] and
minimum power [MW], respectively.

(v) State of charge limit constraint

The battery has a margin band of the state of charge, with an
upper limit of 80% and lower limit of 20%. The reason behind that
this is the over discharging and overcharging decrease the battery
life [38]. Also, topping off a battery at a high state of charge is
inefficient because of its internal resistance. Thus cycled battery
applications tend to operate within a state of charge range of 20%e
80% [39]. Therefore, the state of charge of each battery must be
limited within a specified range.

Smin
Bi ð¼ 20½%�Þ< SBi < Smax

Bi ð¼ 80½%�Þ (11)

where SBi, Smax
Bi , and Smin

Bi are the state of charge of battery [%], the
maximum state of charge [%] and the minimum state of charge [%],
respectively.
3.2. Program formulation in demand side

The EV and HP in the smart houses are considered the
controllable loads of the smart grid. The objective function and the
constraints for the optimization problem of the smart house are as
follows:

(A) Objective function:
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Forecasted output power 
         generated data

Demand response program 
         (Details in Fig. 5)

STEP 2

STEP 3

STEP 1

Calculating the objective 
      function Eq. (1) STEP 4

STEP 5

Thermal unit commitment

End?
No

Yes

End

Fig. 3. Thermal unit commitment program with demand response.

Load demand
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The objective function in this optimization problem is designed
to minimize the transmission constraint violation.

min F ¼
X
t2T

�
Pmax
fij �

���PfijðtÞ���� ����PfijðtÞ���> Pmax
fij

�
(12)

where, Pfij and Pmax
fij are the power flow between nodes i and j [MW]

and the transmission constraints [MW], respectively. t is scheduling
time and T is the total time.

(B) Constraints:

The constraints of the demand side i.e. EV battery constraints
and HP constraints are considered.

(i) Power limit constraint of EV battery

The power of each EV battery is constrained within the limits of
Pmax
EVi and Pmin

EVi .

Pmin
EVi < PEVi < Pmax

EVi (13)

where Pmax
EVi and Pmin

EVi are the EV battery maximum power [MW] and
the EV battery minimum power [MW].

(ii) State of charge limit of EV battery

Similar to the battery, the state of charge limit of the EV battery
is as follows:

Smin
EVi ð¼ 20½%�Þ< SEVi < Smax

EVi ð¼ 80½%�Þ (14)

where SEVi, Smax
EVi and Smin

EVi are the state of charge of EV battery,
maximum state of charge of EV battery [%], and minimum state of
charge of EV battery [%], respectively.

(iii) Heat pump constraint

Each HP’s output must be limited within a specified range.

PHPi � Pmax
HPi (15)

PHPi and Pmax
HPi are the HP power [MW] and the HP maximum power

[MW] respectively. Each HP’s storage water tank temperature must
be 60� C by 19 O’clock.

Tiðt¼19Þ >60½�C� (16)

Tiðt¼19Þ is thewater temperature of storage tank at 19 O’clock for the
HP in node i.
po
w

er
 [M

W
]
4. Optimal operation

The optimal operation of the smart grid in this paper is deter-
mined by the Tabu search. Optimal operations in the power supply
side and power demand side are described in the following
subsections 4.1 and 4.2, respectively.
Time [hour]

A
ct

iv
e 

Thermal generating units

Fig. 4. Thermal unit commitment with demand response (STEP 2 in Fig. 3).
4.1. Optimal operation in power supply side

A flow-chart of the power supply side is shown in Fig. 3. It is a
thermal unit commitment program which considers the demand
response. Different steps of this figure are described as follows:
Step 1 The forecast powers of WG PWG, PV power on the supply
side PPV , PV power on the demand side PPVd, and load de-
mand PL are determined.

Step 2 In order to satisfy the several constraints such as the mini-
mum up or down time constraints, the thermal units output
power constraint, EV constraint and battery constraint of
the power supply side are produced. Fig. 4 shows the search
approach of neighborhood solutions of the thermal unit
generators. From this figure, the neighborhood solutions
around the initial solution are searched in the time sched-
uling direction of thermal units. All thermal units in this
paper are operated at rated power at all times. The thermal
unit output power can be reduced by smart house
operation.

Step 3 The controllable loads such as HP power and EV power are
determined in order to minimize the quantity of violations
of the transmission constraints (detailed in Section 4.2).

Step 4 The Tabu search algorithm is applied here. The neighbor-
hood of thermal units solutions is evaluated, and the
neighborhood solution which minimizes the thermal units
total cost is recorded in the Tabu list.

Step 5 The terminating condition is verified. The termination
condition is referred by the total number of iterations for
Tabu Search. This paper is considered 300 iterations in order
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to achieve an optimal result. If the terminating condition is
satisfied, the searching will be terminated. If it is not satis-
fied, the searching goes back to the STEP 2, and the search is
progressed for the next iteration.
Fig. 6. Calculating the power imbalance (STEP 4 Fig. 5).
4.2. Optimal operation in the demand side

Fig. 5 shows the flow-chart for the optimal operation in the
demand side, and the detailed algorithm is shown in this subsec-
tion. The solutions are determined for the HP and EV power. The
neighborhood solution is the power of the HP for each scheduled
time.

Step 1 The neighborhood solutions of thermal unit power Pg are
determined.

Step 2 The scheduled time that the HP should be operated using
the solar radiation forecast is created. The initial HP power
PH Pi which satisfies the HP and EV constraints are produced.

Step 3 The Tabu search algorithm is applied here. The HPs neigh-
borhood solutions PNEXTi are determined near the initial HP
solution PH Pi.

Step 4 The power imbalance (PLðtÞ þ
PNH

i¼1PH PiðtÞ �
PNG

i¼1PgiðtÞ) is
determined for each neighborhood solution of HP’s power
PNEXTi which is produced in STEP 3. It is shown in Fig. 6.

Step 5 The power flows in each node Pfij are calculated for each
neighborhood solution of HP PNEXTi which is produced in
STEP 3. The power flows are calculated using the Algebraic
method based on the load demand in each node, output
power of thermal units, and output power of the HP.

Step 6 The violated quantity of transmission constraints and the
power imbalance are minimized using the EV battery and
the battery of the power supply side.

Power flow in violation of transmission constraints is minimized
by the EV battery and the battery of the power supply side. If the
power imbalance (PLðtÞ þ

PNH
i¼1PH PiðtÞ �

PNG
i¼1PgiðtÞ) is negative

(surplus power), the EV battery and battery are charged to
compensate the power imbalance. If the EV battery and storage
Fig. 5. Demand response program with transmission constraint.
battery cannot compensate the power imbalance, thermal units
output is decreased, and economic load dispatch is applied to the
determination of thermal units output power. If the power imbal-
ance is positive (lacking power), the EV battery and storage battery
are discharged to compensate the power imbalance.

Step 7 The best neighborhood solution which minimizes the
violated quantity of transmission constraints is recorded to
the Tabu list.

Step 8 The terminating condition is verified. Similar to Fig. 3, this
papers has considered the 300 iterations. If the terminating
condition is satisfied, the searching will be terminated. If it
is not satisfied, the searching goes back to the STEP 3, and
the search is progressed for the next iteration.

5. Simulation results

Simulation Results are shown in this Section. The simulation has
been performed by the MATLAB/Simulink. This paper has been
considered the actual data from Miyakojima, Okinawa, Japan.
Subsection 5.1 describes the simulation conditions or inputs of the
proposed system. Subsections 5.2 and 5.3 show the optimal oper-
ation integrated with demand response and determined benefits of
the proposed method with different demand responses, respec-
tively. These subsections have reflected the outcomes of the pro-
posed system.

5.1. Simulation conditions

The WGs output power, PVs output power in supply side and
PVs output power in demand side are considered for the smart grid.
Fig. 7(a)e(c) show the forecast of load demand, active power of PVs
andWGs in the supply side, respectively. The active power of PVs in
the supply has been considered by the average output power in a
fair day. Fig. 7(d)e(f) show the PV output power in demand side for
each weather condition. The battery and inverter costs are illus-
trated in Table 4 [40]. Table 5 illustrates the minimum capacities of
battery and inverter i.e. 12 MWh and 2 MW respectively. Battery
and inverter capacities are changed by multiplying variables with
the minimum capacities of battery and inverter. Also, these ca-
pacities can be optimized by using the minimum capacities of
battery and inverter. The demand side of the proposed smart grid is
constructed with a large number of residential and smart houses.
The demand-response operation is integrated with the thermal
units commitment to satisfy the transmission constraints. The op-
timum capacities of the battery and inverter are verified in the
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Fig. 7. Simulation condition.

Table 4
NaS battery and inverter cost.

NaS battery capacity cost CB 312.5 $/kWh
Inverter capacity cost CI 837.5 $/kW

Table 5
Capacity of battery and inverter.

Battery1 Battery2 Battery3 Battery4

Pmax
I [MW] 2 � variables (1, 2, 3 $$$ )

Smax
B [MWh] 12 � variables (1, 2, 3 $$$ )

Table 6
Demand-side of the proposed system.

Node Total house number Demand response system rate

Smart house number 0% 30% 50%

1 25,000 12,500 0 7500 12,500
2 50,000 25,000 0 15,000 25,000
3 50,000 25,000 0 15,000 25,000
4 50,000 25,000 0 15,000 25,000
5 25,000 12,500 0 7500 12,500
6 100,000 50,000 0 30,000 50,000
7 100,000 50,000 0 30,000 50,000

Table 7
Transmission constraint.

Transmission constraints [MW]

Node 12 (Pf12) 70
Node 56 (Pf56) 330

H.O.R. Howlader et al. / Renewable Energy 99 (2016) 107e117 113
cases of 0%, 30%, and 50% rates of demand response. The number of
residential houses, smart houses, and rates of demand response are
shown in Table 6. In the smart grid system, residential houses
consist of similar components as a smart house expect the EV. In
this Table, the 0% rate of demand response means that the trans-
mission constraint is satisfied only by the BESS in the power supply
side. Three different types of weather conditions such as fair,
cloudy, and rainy days are considered for the power system simu-
lation. The conventional method does not consider demand
response or the BESS in the power supply side. Transmission con-
straints are shown in Table 7. This subsection reflects simulation
conditions and inputs of the proposed system.
5.2. Optimal operation integrated with demand response system

Fig. 8 illustrates the optimal operation of the thermal unit in-
tegrated with 50% demand response on a cloudy day. Fig. 8(a)
shows the required power of the HPs. From this figure, HPs are
almost operated in the night-time because that time load is lower
than the daytime. Fig. 8(b) shows the water temperature of the
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Fig. 8. Simulation results in cloudy day in 50% demand response system rate.

H.O.R. Howlader et al. / Renewable Energy 99 (2016) 107e117114
storage tank. The water in the storage tank is heated up to 60� C at
19 Oclock by using the HP. Therefore, it satisfies the HP constraints.
) (Fig. 8(c)�(e) and Fig. 8(f) show the output power of the EV bat-
teries and the state of charge of EV batteries, respectively. Charge/
discharge of EV batteries can reduce the operation of the thermal
units and satisfy the transmission constraints. The charging and
discharging of EV batteries are indicated by the negative and pos-
itive values in ) (Fig. 8(c)�(e). The state of charge of EV batteries is
kept within the specific range in Fig. 8(f). The output power and
state of charge of the BESS are shown in Fig. 8(g) and (h), respec-
tively. The BESSs also satisfy the state of charge constraints. Fig. 8(i)
shows the output power of thermal units for the conventional
method which reflects that only thermal units supply electricity to
the load demand. Fig. 8(j) shows the output power of thermal units
for the proposed method which is integrated with the demand
response to supply electricity to the load demand. In Fig. 8(i) and (j),
PLH is load demand with required power of HP, PLm is load demand
without required power of HP, Pg is the generation power of ther-
mal units. From these figures, the peak load in daytime is reduced,
and the thermal units which have low efficiency are uncommitted
by introducing the demand response in the proposed system.
Therefore, the reduction of the thermal units operation leads to
lessening of the total cost of the power system. Fig. 8(k) and (l)
illustrate the power flow in node 1�2 and node 5�6. From these
figures, the transmission constraints are violated only the opera-
tions of thermal units (non-demand response). The demand
response system can optimize the violated power flows within the
specified range, and the transmission constraints are satisfied.
5.3. Determined benefits of the proposed method with different
demand responses

The benefit R of 15 years duration in different rates of demand
response are illustrated in Table 8. The calculation process of benefit
R has been described in Equation (1)e(3). Different rates of demand
response (e.g. 0%, 30%, and 50%) and weather conditions (e.g. fair,
cloudy, and rainy) are considered for the calculation of benefit R.
From this Table, the benefits R for cloudy and rainy days are lower
as compared with the fair day. Due to the lack of solar insulation in
cloudy and rainy days, the HPs are required to operate for heating
the storage water. Operations of the HPs increase the power flow in
node 1�2 and node 5�6. Therefore, the EV battery and storage
battery are scheduled to satisfy the transmission constraints. As a
result, the benefit R decreases in cloudy and rainy days. On the
other hand, when rates of demand response are increased, the
benefit R is increased too, because high rates of demand response
can reduce the battery and inverter capacities. Table 9 illustrates
the optimum capacities of battery and inverter which can maxi-
mize the benefit R in different rates of demand-response and
weather conditions. From this Table, the optimum capacities of the
battery and inverter are decreased on the fair day with a 50% de-
mand response rate. In fair days, sufficient solar insulation is
available, therefore, the SC can heat the storage water. Hence, it can
reduce the HP operation consequently, battery and inverter ca-
pacities are reduced on a fair day.

The benefit R for different rates of demand response are shown
in Fig. 9. In this case, the weather condition is considered from 15
years of historical data of Miyakojima, Okinawa, Japan. From this
figure, the benefit R is increased within the large rates of demand
response for reducing capacities of the battery and inverter. The
total benefit R and optimum capacity of battery and inverter are
shown in Table 10 within different rates of demand response.
Different capacities of battery and inverter were shown in Table 5,
which has been optimized from the demand response program
(Fig. 5). From Table 10, the benefit R in 15 years is negative for a rate
of 0% demand response. The reason behind this is that only the
BESSs in the supply-side satisfies the transmission constraints,
therefore, battery and inverter capacities are increased. As a result,
the power generation costs increase. From this Table, it is also
shown that the benefit R is increased when the rate of demand
response is raised because it reduces the capacities of the battery
and inverter.
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Fig. 8. (continued).

Table 8
Benefit R in 15 years.

Benefit rate R [$] in 15 years

Demand response system rate Weather conditions

Fair Cloudy Rainy

0% (Battery only) 5,760,000 �98;000;000 �366;350;000
30% 52,450,000 22,900,000 31,840,000
50% 52,450,000 49,640,000 41,410,000

Table 9
Optimum capacity of inverter and battery.

Demand response system rate Weather conditions

Fair Cloudy Rainy Fair Cloudy Rainy

Inverter capacity Battery capacity

Pmax
I [MW] Smax

B [MWh]

0% (Battery only) 16 72 136 48 384 864
30% 8 8 16 48 48 48
50% 8 8 24 48 48 48
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Fig. 9. Benefit in 15 years in each participation rate of demand response.

Table 10
Benefit R of 15 years with optimum capacity of inverter and battery.

Demand response system rate Benefit R [$] in 15 years Inverter capacity Pmax
I [MW] Battery capacity Smax

B [MWh]

0% (Battery only) �312; 990;000 136 864
30% 32,650,000 16 48
50% 46,060,000 8 48
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6. Conclusion

A distributed generators based smart grid system has been
proposed. The transmission constraints are satisfied by the demand
response which can optimize the BESS and inverter. The demand
response system also reduces the operation of inconvenient ther-
mal units. The controllable loads (i.e. EV and HP) of the smart
houses in the demand side are utilized to satisfy the transmission
constraints. As a results, the proposed system can reduce the ca-
pacities of the battery and inverter. Simulation results are consid-
ered in different weather conditions and demand response rate.
The optimum capacities of the battery and inverter are determined
for different cases. From the simulation results, the proposed
method can satisfy the transmission constraints of the smart grid.
The benefit for 15 years operation of the smart grid is calculated for
the proposed method. The benefits of smart grid are increased
significantly when demand response is considered.
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