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ABSTRACT The renewable energy sources (RES) based distributed generations (DGs) have been proven
to be of great technical and economic benefits if optimally allocated in distribution networks. Their proper
deployment is usually made in conjunction with demand response (DR) programs and renewables curtail-
ment to match the demand load with the available generated power. Battery energy storage systems (BESSs)
and capacitor banks (CBs) are two other tools that can compensate for the shortcomings of the RES. BESSs
could complement the renewables generation intermittency and improve the reliability of the system while
CBs could indemnify the limited reactive power support of the RES and improve the power quality of the
system. Thus, the simultaneous integration of RES-based DGs, DR, BESSs, CBs, and curtailment could have
great benefits if optimally planned and coordinated. In this paper, a multi-objective optimization planning
model is formulated to determine the optimal locations and capacities of different RES-based DGs, BESSs,
and CBs in presence of DR and renewables curtailment to maximize the economic index and the average
voltage stability factor, and to minimize the average power losses in distribution networks. The modelling
of RES-generated power is considered. The proposed model is implemented and tested on standard IEEE
33-bus radial distribution system, the model is formulated and solved in GAMS environment. Different
renewable configurations and test cases are investigated. The obtained results validate the effectiveness of
the simultaneous integration of the used tools in optimizing the techno-economic benefits.

INDEX TERMS Multi-objective optimization, renewable energy sources, battery energy storage systems,
battery degradation, capacitor banks, demand response, economic index, losses, voltage stability factor,
wind, solar, distributed generations.

NOMENCLATURE
t Time in hours.
i, j Network buses.
f tv (v) Weibull distribution of wind speed (vt )

over time t .
ct , k t Scale and shape parameters of Weibull

probability distribution function
vt Wind speed at time t , m/sec.
µσ tw,

t
w Mean and standard deviation of wind

speed.
0 Gamma function.

The associate editor coordinating the review of this manuscript and

approving it for publication was Lei Chen .

PWDGr Rated power of wind turbine, kW.
vci/vco/vr Cut-in/cut-out/rated speed of wind

turbine, m/sec.
PWDG(vt ) Generated wind power at wind speed(

vt
)
, kW.

f ts (S) Beta distribution for solar irradiance
(S t ) over time t .

αt , β t Shape parameters of Beta probability
distribution function.

µts, σ
t
s Mean and standard deviation of solar

irradiance over time t .
PSDG(S t ) Generated solar power at solar

irradiance
(
S t
)
, kW.

η Efficiency of solar photovoltaic
panels.
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APV Area of the installed solar
photovoltaic panels, m2.

S t Solar irradiance at time t , kW/ m2.
TPV PV panels cell temperature, ◦C.
EI Economic index.
ACS Annual cost saving
ADRC Annual demand response compensation.
ACPDG Annual capital cost of renewable DGs.
AOMCDG Annual operation and maintenance

cost of renewable DGs.
ACPBESS Annual capital cost of BESSs.
ACPCB Annual capital cost of CBs.
PGOt Original active power supplied by the

grid on substation bus at time t in the
base case with no DGs, DR, BESSs,
CBs and curtailment, kW.

PGt Active power supplied by the grid on
substation bus at time t after integration
of DGs, DR, BESSs, CBs and
curtailment, kW.

CPV y Current present value factor.
Chr Purchased electricity rate per kWh.
Ny Life time of the installations, years.
IF Annual inflation rate.
IR∗ Annual nominal interest rate.
Nday Number of days per year.
CDR
hr DR compensation rate per kWh.

tDR Peak demand hours during which DR
compensation is paid, Hours.

ICWDG
i /ICSDG

i Installation cost of renewable
wind/solar DG installed at bus i.

CRFWDG Capital recovery factor of renewable
wind DGs.

CRFSDG Capital recovery factor of renewable
solar DGs.

ICBESS
i Installation cost of BESS installed at

bus i.
ICCB

i Installation cost of CB installed at
bus i.

CRFBESS Capital recovery factor of BESSs.
CRFCB Capital recovery factor of CBs.
LP Life period of installed component,

years.
IR Annual real interest rate.
OMCWDG

i Operation and maintenance cost of
renewable wind DG installed at bus i.

OMCSDG
i Operation and maintenance cost of

renewable solar DG installed at bus i.
OMCBESS

i Operation and maintenance cost of
BESS installed at bus i.

NyWDG/NySDG Life time of wind/solar DGs, years.
NyBESS Life time of BESSs, years.
NyCB Life time of CBs, years.
DegCBESS Degradation cost of BESS per kWh

of the discharged energy.

ECBESS Installation cost of BESS per kWh.
DegCBESS−REF Degradation cost of reference BESS

per kWh of the discharged energy.
ECBESS−REF Installation cost of reference BESS

per kWh.
PAVLOSS Daily average active power losses, kW.
VSFAV Daily average voltage stability factor.
VSF t Voltage stability factor at time t .
ε1, ε2 Epsilon parameters.
Sij,t/Pij,t/Qij,t Apparent/active/reactive power flow

between buses i, j at time t ,
kVA/kW/kVAr.

Vi,t/δi,t Bus (i) voltage magnitude/voltage
angle at time t .

Vj,t/δj,t Bus (j) voltage magnitude/voltage
angle at time t .

Zij/Oij Line ij impedance/ impedance angle.
PWDGi,t /QWDGi,t Active/reactive power generation by

wind DGs on bus i at time t ,
kW/kVAr.

PSDGi,t /QSDGi,t Active/reactive power generation by
solar DGs on bus i at time t ,
kW/kVAr.

PGi,t/Q
G
i,t Active/reactive power injected by

grid on bus i at time t , kW/kVAr.
PDi,t/Q

D
i,t Active/reactive demand load on bus i at

time t , kW/kVAr.
PDOi,t /Q

DO
i,t Originally expected active/reactive

demand load on bus i at
time t (without DR), kW/kVAr.

PWDG−CUi,t Curtailed wind power on bus i at
time t , kW.

PSDG−CUi,t Curtailed solar power on bus i at
time t , kW.

PBESS−CHi,t Charging power of BESS on bus i at
time t , kW.

PBESS−DIi,t Discharging power of BESS on bus i at
time t , kW.

QCAPi,t Reactive power of capacitor bank on
bus i at time t , kVAr.

αDRmini , αDRmaxi Lower and upper limits of DR at bus i.
1t Duration of time interval t , hour.
Wicap Installed wind DG capacity at bus i, kW.
Sicap Installed solar DG capacity at bus i, kW.
Wt/St Wind/solar generation pattern at time t .
λWDGi /λSDGi Maximum allowed power curtailment

percentage of wind/solar DG at bus i.
PFWDGi,t /PFSDGi,t Power factor of wind/solar DG on bus

i at time t .
QWDGmini,t Lower limit of wind DG reactive power

on bus i at time t , kVAr.
QWDGmaxi,t Upper limit of wind DG reactive power

on bus i at time t , kVAr.

16226 VOLUME 10, 2022



H. A. Taha et al.: Multi-Objective Optimization for Optimal Allocation and Coordination

QSDGmini,t Lower limit of solar DG reactive power
on bus i at time t , kVAr.

QSDGmaxi,t Upper limit of solar DG reactive power
on bus i at time t , kVAr.

Vmin
i ,Vmax

i Lower and upper limits of voltage at
bus i, pu.

SOC i,t State of charge of BESS on bus i at
time t , kWh.

SOC i,t−1 State of charge of BESS on bus i at
time t − 1, kWh.

SOCmin
i Lower limit of SOC of BESS at bus

i, kWh.
SOCmax

i Upper limit of SOC of BESS at bus
i, kWh.

ηBESS−CH BESS charging efficiency.
ηBESS−DI BESS discharging efficiency.
PBESS−CHmini Lower limit of charging power of

BESS at bus i, kW.
PBESS−CHmaxi Upper limit of charging power of

BESS at bus i, kW.
PBESS−DImini Lower limit of discharging power of

BESS at bus i, kW.
PBESS−DImaxi Upper limit of discharging power of

BESS at bus i, kW.
QCAPmini Lower limit of capacitor bank rating

at bus i, kVAr.
QCAPmaxi Upper limit of capacitor bank rating

at bus i, kVAr.

I. INTRODUCTION
The utilization of renewable energy sources (RES) is steadily
increasing to meet the rising electricity demand worldwide.
This increase is mainly driven by the environmental benefits
the RES afford over the traditional power plants including
reduction of carbon emissions and global warming, and eco-
nomic benefits supported by the RES energy generation cost
fall and the creation of million jobs. The wind and solar
RES are currently having the highest contribution in the
renewable energy mix globally and are expected to continue
their tremendous growth to take the lead in the global energy
mix over the conventional power plants [1]. The penetration
levels of wind and solar RES have some power quality lim-
itations owing to intermittency and uncertainty, however the
utilities have ambitious goals of penetration levels due to the
aforementioned environmental and economic advantages [2].

One of the distinguishing features of the RES-based
DGs is that they have small sizes and ratings compared
to centralized traditional plants which allow them to be
integrated in distribution networks, they may have great
benefits if optimally allocated. The optimal allocation of
the RES-based DGs in the distribution networks has sev-
eral optimization algorithms including classical and artificial
intelligence approaches that have been reviewed and com-
pared in [3]–[6], the DGs optimal allocation may also have

different objectives. A biogeography-based optimization was
proposed in [7] for optimal location and sizing of solar
photovoltaic DG units to reduce the power losses while main-
taining the voltage profile and voltage harmonic distortion
within the limits. In [8], a Weibull distribution-based time-
coupled probabilistic generation model was presented for
the optimal placement and sizing of wind DG with time-
varying voltage-dependent loads to minimize the average
multi-objective index which combines power losses, voltage
drop, and voltage stability indices.

Authors in [9], [10] proposed approaches for the optimal
allocation of RES and reconfiguration in distribution net-
works to minimize the cost of power losses, improve relia-
bility, and enhance the voltage profile.

The proper deployment of RES-based DGs is usually made
in conjunction with demand response programs that help to
match the demand load with the available generated power.

The DR programs are developed to motivate the change
in energy consumption of customers, in response to changes
in the price of electricity over time, or to give incentive
payments designed to induce lower electricity use at times of
highmarket prices or when grid reliability is jeopardized. The
DR has been used in many papers in coordination with RES
for the optimal operation of distribution systems [11]–[16].

Renewables curtailment is another tool that has been used
in [16], [17] to support the integration of RES.

BESSs and CBs are two other tools that have been numer-
ously used in the literature to offset the shortfalls of the
RES. BESSs could manage intermittency and mismatch-
ing between renewables generation and demand load, and
improve the reliability of the system while CBs could reim-
burse the limited reactive power support of the RES-based
DGs and improve the power quality of the system.

Refs. [18]–[23] discussed the utilization of BESSs in coor-
dination with RES. In [18], a stochastic mathematical model
was introduced for the optimal allocation of energy storage
units in active distribution networks to reduce wind power
spillage and load curtailment while managing congestion and
voltages deviation. A technique was proposed in [19] for
power system planners and operators to select the power and
energy capacity of BESS for mitigating the effects of inter-
mittent wind speeds on reliability and economics. Authors
in [20] developed a two-stage planning model for the opti-
mal allocation of the distributed wind turbine, shared BESS,
and the optimal dispatch of the individual virtual energy
storage system in a smart grid. A multi-objective approach
was proposed in [21] for the optimal allocation of central-
ized wind farm and storage system in distribution network
considering technical, environmental, and financial control
schemes for the network improvement. In [22], a planning-
operation decomposition methodology was introduced for
the optimal location, selection, and operation of BESSs and
renewable DGs in medium-low voltage distribution systems
to minimize the total purchase cost of energy from the distri-
bution substation. A two-stage multi-objective approach was
implemented in [23] considering distributed and centralized
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RES-based generation units with BESS for maximizing the
technical, environmental, and economic benefits including
power loss reduction, voltage profile enhancement, voltage
stability conditions improvement, emissions reduction, and
annual operational cost drop.

The integration between RES and capacitors was discussed
in [24]–[27] under various conditions and considering differ-
ent objectives. A multi-objective planning model was pre-
sented in [24] to determine the location and the required
installation capacity of multiple PV array, wind turbine, and
capacitor units in an electric power distribution network
under heavy load growth situation considering possible trade-
offs between technical, economic, and environmental objec-
tives. Authors in [25] investigated multi-objective optimal
planning of wind and solar DGs, and CBs considering differ-
ent sources of uncertainty including plug-in electric vehicles.
A water cycle algorithm was proposed in [26] for optimal
placement and sizing of DGs and CBs to achieve techni-
cal, economic, and environmental benefits through different
objective functions including minimizing power losses, volt-
age deviation, total electrical energy cost, and total emissions
produced by generation sources, and improving the voltage
stability index. Authors in [27] proposed an optimal integra-
tion of renewable wind and solar DGs alongwith biomass and
capacitor banks to optimize distribution network parameters.

According to the literature review, it is obvious that the
RES-based DGs integration with each of BESSs, CBs, DR,
and curtailment tools may offer various benefits if optimally
planned and coordinated. The simultaneous integration and
coordination of the aforementioned tools with RES have been
studied in very few papers. In [28], the optimal coordination
of load tap changers, step voltage regulators, switched shunt
capacitors, and energy storages with high penetration of PV
was performed for minimizing energy loss and improving
voltage profile. However, the locations and ratings of PV units
and shunt capacitors are assumed to be known. An optimiza-
tion model was developed in [29] to find optimal dispatches
of BESSs in coordination with DR in the presence of wind
DGs and shunt capacitors to minimize distribution power loss
and grid demand cost. The locations and sizes of BESSs are
assumed to be known in [29]. Authors in [30] investigated
and applied an optimal multi-configuration and allocation
of step-voltage regulators, capacitor banks, energy storage
system, and centralized wind-power generation in the distri-
bution network. In [28]–[30] either wind or solar DGs were
utilized, also the battery degradation was not considered.

Based on the literature review, the optimal allocation and
coordination of renewable wind and solar DGs, BESSs, and
CBs for multi-objective technical and economic optimization
have not been deeply studied.

In this paper, a planning model is presented for the optimal
allocation and coordination of wind and solar DGs, BESSs,
and CBs in distribution networks in presence of DR and
renewables curtailment, and considering the battery degrada-
tion cost. The multi-objective optimization function is formu-
lated tomaximize the economic index and the average voltage

stability factor, and to minimize the average power losses in
distribution networks. The modelling of wind speed and solar
irradiance is considered to handle the stochastic nature of
wind and solar power. The proposed model is implemented
on standard IEEE 33-bus radial distribution system. Multiple
configurations and test cases are investigated. The simulation
results demonstrate the effectiveness of each of the used tools
in fulfilling the multi-objective optimization through maxi-
mizing the economic index and the voltage stability factor,
and minimizing the power losses in the distribution networks.

The major contributions of this paper are as follows:
1. Simultaneous integration of different RES-based DGs,

BESSs, CBs, DR, and curtailment in distribution networks
for multi-objective optimization including economic
index and average voltage stability factor maximization,
and average power losses minimization.

2. Epsilon constraint method is used to form the multi-
objective function in which the economic index is opti-
mized subject to average power losses and average voltage
stability factor inequality constraints.

3. Modelling of wind speed, solar irradiance, and their asso-
ciated generated power are considered using scenarios
generations through random probability distribution func-
tions in GAMS extrinsic functions and scenarios reduction
using fast forward techniques. GAMS environment is also
used for mathematical formulation and solution of the
optimization problem.

4. Multiple configurations using wind and solar DGs are
formulated, in each configuration several cases are studied
on IEEE 33-bus radial distribution system.

The rest of this paper is organized as follows: Section II
addresses themodelling of renewables generation. Section III
introduces themulti-objective optimization problem formula-
tion. Section IV explains the studied cases and discusses the
obtained results, while Section V highlights the conclusion.

II. MODELLING OF RENEWABLE POWER GENERATION
Wind and solar power generations are governed by mete-
orological conditions, namely wind speed and solar irradi-
ance. These conditions should be studied and analyzed for
optimum, efficient, and feasible utilization of wind and solar
power. Both wind speed and solar irradiance have stochastic
nature, the modelling of wind and solar power is addressed in
this section:

A. WIND POWER MODELLING
The behavior of wind speed is assumed to follow the Weibull
probability distribution function (PDF). Weibull distribution
f tv (v) for wind speed vt at time t can be expressed as [24]:

f tv (v) =
k t

ct

(
vt

ct

)k t−1
.exp

(
−
vt

ct

)k t
(1)

The shape and scale parameters
(
k t , ct

)
of Weibull PDF can

be calculated by:

k t =
(
σ tw

µtw

)−1.086
; ct =

µtw

0
(
1+

(
1
/
k t
)) (2)
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In this study, the shape and scale parameters of Weibull PDF
are taken as 1.4 and 6 m/s, respectively [31].

FIGURE 1. Random generated wind speed scenarios following Weibull
distribution.

A large number of dailywind speed scenarios are generated
using random Weibull function in GAMS built-in extrinsic
functions. The generated wind speed scenarios have been
reduced using the fast forward selection algorithm. The ran-
dom generated daily wind speed scenarios are shown in Fig.1
including the most probable scenario which is marked in a
black line.

The power of wind DG at wind speed (vt ) is calculated
as [30]:

PWDG(vt )=


PWDGr .

(
vt − vci
vr − vci

)
for vci ≤ v

t
≤ vr

PWDGr for vr ≤ vt ≤ vco
0 for vt ≤ vci, vt ≥ vco

(3)

The per unit wind power pattern for the most probable wind
speed scenario is shown in Fig.2.

FIGURE 2. Wind power pattern for the most probable wind speed
scenario.

The used scenarios generation model in this study doesn’t
account for the temporal correlation among the wind speed
and the associated wind power values of the consecutive time
steps. In [32], a generate-rearrange-eliminate algorithm was
proposed which reflects the correlation between the wind
power output at time t and that of time t − 1.

The speed parameters of the DG wind turbines are shown
in table 1 [24].

TABLE 1. The speed parameters of the DG wind turbines.

B. SOLAR POWER MODELLING
The behavior of solar irradiance is assumed to follow the Beta
PDF. Beta distribution f ts (S) for solar irradiance S

t over time
t is given by [24]:

f ts (S) =
0
(
αt + β t

)
0 (αt) .0 (β t)

.
(
S t
)αt−1

.
(
1− S t

)β t−1 (4)

The shape parameters of Beta PDF can be calculated using
the mean (µts) and standard deviation (σ

t
s ) of solar irradiance

for corresponding time as follows:

β t =
(
1− µts

)
.
µts
(
1+ µts

)
(σ ts )

2 − 1 (5)

αt =
µts.β

t(
1− µts

) (6)

In this study, the shape parameters of Beta PDF are taken as
α = 2.57 and β = 1.6 [31].
A large number of daily solar irradiance scenarios are

generated using random Beta function in GAMS built-in
extrinsic functions. The generated solar irradiance scenarios

FIGURE 3. Random generated solar irradiance scenarios following Beta
distribution.

FIGURE 4. Solar power pattern for the most probable solar irradiance
scenario.
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have been reduced using the fast forward selection algorithm.
The random generated daily solar irradiance scenarios are
shown in Fig.3 including the most probable scenario which
is marked in a black line.

The power of solar DG at solar irradiance (S t ) is calculated
as [25].

PSDG(S t ) = η.APV .S t (1− 0.005 (TPV − 25)) (7)

The per unit solar power pattern for the most probable solar
irradiance scenario is shown in Fig.4.

III. OPTIMIZATION PROBLEM FORMULATION
The multi-objective optimal allocation and coordination of
renewable DGs, battery energy storage systems (BESSs), and
capacitor banks (CBs) comprise three main objectives, which
are economic indexmaximization, average power losses min-
imization, and average voltage stability factor maximization.

A. FIRST OBJECTIVE (OF1): ECONOMIC INDEX
MAXIMIZATION
The economic index is a measure of the economic feasibility
of certain projects over the planning period. It considers the
capital investment cost, operation andmaintenance cost of the
installed elements. The higher the economic index, the better
economic feasibility.

The economic index (EI ) can be formulated as in [24]
but modified to incorporate the costs of BESSs and DR
compensation as follows, (8), as shown at the bottom of the
page. The representations of each term in the (EI ) formula
are described under the following headings.

1) ANNUAL COST SAVING
Due to the integration of renewable DGs, BESSs, and CBs,
the annual purchased power from the utility grid shall be
reduced. The annual cost saving (ACS) can be calculated as
follows:

ACS =

∑Ny
y=1

(∑
i(P

GO
i − P

G
i ).1t .Nday

)
.CPV y.Chr

Ny
(9)

The current present value factor (CPV y) converts the future
cost into an equivalent present value. It can be calculated as:

CPV y
=

(
1+ IF
1+ IR∗

)y
(10)

2) ANNUAL DEMAND RESPONSE COMPENSATION
The DR programs provide incentive payments to customers
who agree to reduce their energy demand during the peak
demand hours.

The annual demand response compensation (ADRC) paid
to customers can be calculated as:

ADRC=

∑Ny
y=1

(∑
i,tDR(P

DO
i,t
−PDi,t ).1t .Nday

)
.CPV y.CDR

hr

Ny
(11)

3) ANNUAL CAPITAL COST OF RENEWABLE DG, BESS, AND
CB
The annual capital cost of renewable DGs

(
ACPDG

)
can be

calculated by:

ACPDG =
∑

i
ICWDG

i .CRFWDG +
∑

i
ICSDG

i .CRFSDG

(12)

Similarly, the annual capital cost of BESSs and CBs can be
calculated as shown in (13) and (14), respectively.

ACPBESS =
∑

i
ICBESS

i .CRFBESS (13)

ICBESS
i = ACPCB =

∑
i
ICCB

i .CRFCB (14)

The capital recovery factor (CRF) represents the ratio of a
constant annuity for a given length of time to the present
value of receiving that annuity. The CRF can be calculated
as follows:

CRF =
IR.(1+ IR)LP

(1+ IR)LP − 1
(15)

The annual real interest rate (IR) can be calculated as follows:

IR =
(IR∗ − IF)
(1+ IF)

(16)

4) ANNUAL OPERATION AND MAINTENANCE COST OF
RENEWABLE DG AND BESS
The annual operation andmaintenance cost of renewableDGs
(AOMCDG) can be calculated as:

AOMCDG

=

∑NyWDG
y=1 (

∑
iOMC

WDG
i ).CPV y

NyWDG

+

∑NySDG
y=1 (

∑
i OMC

SDG
i ).CPV y

NySDG
(17)

Similarly, the annual operation and maintenance cost of
BESSs (AOMCBESS ) can be calculated as:

AOMCBESS
=

∑NyBESS
y=1 (

∑
iOMC

BESS
i ).CPV y

NyBESS
(18)

OF1 = EI =
ACS + ADRC

ACPDG + AOMCDG
+ ACPBESS + AOMCBESS

+ ADegCBESS
+ ACPCB

(8)
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5) ANNUAL DEGRADATION COST OF BESS
The BESS capability to store energy decreases over time
resulting in a capacity fade, power fade, or both. This is as a
result of complex electrochemical and mechanical processes
inside the battery that can take place simultaneously [33].
In this study, the BESS degradation is considered as a cost
per kWh of discharged energy [34].

The degradation cost of BESS per kWh of the discharged
energy (DegCBESS ) can be presented as a function of the
BESS installation cost per kWh (ECBESS ), the degradation
cost can be estimated in equation (19) reference to a BESS
of known installation and degradation costs, as suggested
in [34].

DegCBESS
= ECBESS .

DegCBESS−REF

ECBESS−REF (19)

The annual degradation cost of BESS (ADegCBESS ) can be
calculated as, (20), shown at the bottom of the page.

B. SECOND OBJECTIVE (OF2): POWER LOSSES
MINIMIZATION
The integration of renewable DGs, BESSs, and CBs affects
the load flow of the power distribution networks and accord-
ingly the power losses. The daily average active power losses
(PAVLOSS ) can be calculated as:

OF2 = PAVLOSS =

∑24
t=1

∑Pij,t
i,j

24
(21)

C. THIRD OBJECTIVE (OF3): VOLTAGE STABILITY FACTOR
MAXIMIZATION
The voltage stability factor is a widely used tool to measure
the proximity of network buses towards the voltage collapse
point. The daily average voltage stability factor (VSFAV ) can
be calculated as:

OF3 = VSFAV =

∑24
t=1 VSF t
24

(22)

D. MULTI-OBJECTIVE FUNCTION OPTIMIZATION
The multi-objective function (MOF) consists of three objec-
tive functions which should be optimized simultaneously.

MOF = (OF1,OF2,OF3) (23)

In order to optimize several conflicting objective functions,
various methods have been proposed in the literature such
as the weighted sum method, ε-constraint method, and goal
programming method. In this paper, the ε-constraint method
is used to solve the proposed multi-objective optimization
model. In this method, one of the objective functions is opti-
mized while the other objectives are considered as inequality

constraints, the constraints vary by adjusting the value of ε
parameters.

In the proposed model, OF1 is optimized, while OF2 and
OF3 are considered as inequality constraints as expressed
in (24) to (27).

MOF = Maximize OF1 (24)

Subject to : OF2 ≤ ε1 (25)

OF3 ≥ ε2 (26)

Other technical constraints

as addressed in (E) (27)

The epsilon parameters ε1 and/or ε2 vary at each iteration,
and the multi-objective function is solved.

E. TECHNICAL CONSTRAINTS
The multi-objective function is subject to the following oper-
ational and technical constraints:

1) LOAD BALANCE EQUATIONS
The active and reactive power flow equations between buses
i and j at time t are expressed in (28) and (29), respectively.

Pij,t = Real
{
Sij,t

}
=

V 2
i,t

Zij
Cos(Oij)−

Vi,t .Vj,t
Zij

Cos(δi,t − δj,t + Oij) (28)

Qij,t = Img.
{
Sij,t

}
=

V 2
i,t

Zij
Sin(Oij)−

Vi,t .Vj,t
Zij

Sin(δi,t − δj,t + Oij)−
bV 2

i,t

2
(29)

The general nodal active and reactive power balance at bus i
and time t are expressed in (30) and (31), respectively.

PWDGi,t + PSDGi,t + P
G
i,t − P

BESS−CH
i,t + PBESS−DIi,t − PDi,t

−PWDG−CUi,t − PSDG−CUi,t =

∑
j
Pij,t (30)

QWDGi,t + QSDGi,t + Q
G
i,t + Q

CAP
i,t − Q

D
i,t =

∑Qij,t

j
(31)

2) DEMAND RESPONSE EQUATIONS
The constraints expressed in (32) and (33) represent the DR
limits on bus i at time t .

PDOi,t
(
1− αDRmini

)
≤ PDi,t ≤ P

DO
i,t

(
1+ αDRmaxi

)
(32)

QDOi,t
(
1− αDRmini

)
≤ QDi,t ≤ Q

DO
i,t

(
1+ αDRmaxi

)
(33)

It is assumed that the DR is in the form of load shifting, the
daily energy of each bus should be maintained the same, and

ADegCBESS
=

∑NyBESS
y=1

(∑
i,t P

BESS−DI
i,t .1t .Nday/ηBESS−DI

)
.CPV y.DegCBESS

NyBESS
(20)
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hence the following constraint should be fulfilled:∑
t
(PDi,t .1t ) =

∑
t
(PDOi,t .1t ) (34)

3) RENEWABLE POWER GENERATION PATTERNS
The wind power generation follows the generated wind pat-
tern (Wt ).

PWDGi,t = Wt .Wicap (35)

Considering the following constraints:

PWDG−CUi,t ≤ λWDGi .Wicap (36)

PWDG−CUi,t ≤ PWDGi,t (37)

QWDGmini,t ≤ QWDGWi,t ≤ QWDGmaxi,t (38)

QWDGi,t = PWDGi,t tan (arccos (PFWDGi,t )) (39)

Similarly, solar power generation follows the generated solar
pattern (S t ).

PSDGi,t = St .Sicap (40)

Considering the following constraints:

PSDG−CUi,t ≤ λSDGi .Sicap (41)

PSDG−CUi,t ≤ PSDGi,t (42)

QSDGmini,t ≤ QSDGi,t ≤ Q
SDGmax
i,t (43)

QSDGi,t = PSDGi,t tan (arccos(PFSDGi,t )) (44)

4) VOLTAGE LIMITS
Equation (45) represents the minimum andmaximum voltage
limits on bus i at time t .

Vmin
i ≤ Vi,t ≤ Vmax

i (45)

5) BATTERY ENERGY STORAGE SYSTEM
Equation (46) shows the state of charge of BESS on bus i at
time t(SOC i,t ) as a function of battery previous state of charge
at time t − 1(SOC i,t−1), battery charging power, and battery
discharging power.

SOC i,t = SOC i,t−1

+

(
PBESS−CHi,t .ηBESS−CH−PBESS−DIi,t /ηBESS−DI

)
·1t (46)

Equations (47), (48), and (49) represent the minimum and
maximum limits of charging power, discharging power, and
state of charge of BESS on bus i at time t , respectively.

PBESS−CHmini ≤ PBESS−CHi,t ≤ PBESS−CHmaxi (47)

PBESS−DImini ≤ PBESS−DIi,t ≤ PBESS−DImaxi (48)

SOCmin
i ≤ SOC i,t ≤ SOCmax

i (49)

Equation (50) represents that the state of charge of BESS at
the beginning of the dispatch cycle (SOC i,t1 ) shall be equal
to that at the end of the dispatch cycle (SOC i,t24 ).

SOC i,t1 = SOC i,t24 (50)

6) CAPACITOR BANK
Equation (51) represents the minimum and maximum reac-
tive power limits of capacitor bank on bus i at time t .

QCAPmini ≤ QCAPi,t ≤ Q
CAPmax
i (51)

IV. CASE STUDIES
The effectiveness of the multi-objective optimization is tested
on standard IEEE 33-bus radial distribution system. IEEE
33-bus system consists of 32 buses, excluding the main sub-
station bus. The total loads of the system are 3715 kW and
2300 kVAr [35]. The minimum and maximum permissible
voltage limits for all buses are considered at ±10%. It is
assumed that the current limit of the branches connecting
buses 1-10 is 400 A and the remaining branches are rated at
200 A [36].
The proposed model is formulated as a mixed-integer

nonlinear programming (MINLP) optimization problem. The
model is solved in GAMS [37], [38] environment on Intel
(R) Xeon (R) Processor E5-1630 v3 3.70 GHz with 32 GB
RAM PC.
Fig. 5 shows the flow chart of the optimization model. The

problem is initially solved as a relaxed mixed integer non-
linear programming (RMINLP) optimization problem using
MINOS solver, its solution is used as a starting point for
the sophisticated MINLP optimization problem which is then
solved by BONMIN solver. By providing a good starting
point for BONMIN, the chance to obtain a global optimum
or even a local optimum that is close to the global opti-
mum is significantly increased and the calculation time is
significantly reduced compared to if BONMIN solver is used
alone [37].
The simulation time of all the studied cases ranges from

1 second to 624 seconds.
The potential locations for renewable DGs, BESSs, and

CBs are assumed to be known as shown in Fig.6 at:
• The far end buses (18, 22, 25, and 33).
• The branching buses (2, 3, and 6).
• The intermediate buses between branching and far end
buses (12, 20, and 29).

These locations have been selected after many trials to
freely allocate the renewables at all load buses (2 to 33).
In these trials, the above-assumed buses were found to be the
most frequent buses to host DGs as a result of optimization
under the different configurations and cases. Also, the values
of the objective functions obtained when freely allocating the
DGs on all load buses and those obtained with the controlled
allocation of the DGs on the mentioned buses were almost
the same. Moreover, allocating DGs on all buses will have
practical limitations.
As BESSs and CBs are used in conjunction with inter-

mittent renewable DGs to smooth out their energy delivery
and to support their limited reactive power, respectively.
Accordingly, the assumption that they have the same potential
locations as that of DGs is valid.
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FIGURE 5. Flow chart of the proposed optimization model.

The daily demand load variation on all buses are assumed
to be known [38], the daily demand load variations is shown
in Fig.7:

The peak demand hours are assumed to be 4 hours
from 6 PM to 9 PM. The utility pays incentives to customers
who agree to reduce their energy demand during the peak
demand hours.

The simulation parameters used in the modelling of the
system under study are shown in table 2.

The daily average power losses and voltage stability factor
of the studied system under the base case in absence of

FIGURE 6. Potential locations of renewable DGs, BESSs, and CBs on IEEE
33 bus system.

TABLE 2. The simulation parameters used in the modelling.

renewable DGs, DR, BESSs, and CBs are 120.5 kW and
0.958, respectively.

To demonstrate the effectiveness of each of the used tools
on the objective functionsOF1,OF2 and OF3, two different
renewable configurations are investigated:
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• Configuration 1: Wind DGs.
• Configuration 2: Solar DGs.

In each configuration, five cases are studied:
• Case1: Optimal allocation of DGs.
• Case2: Optimal allocation of DGs in presence of DR.
• Case3: Optimal allocation of DGs in presence of DR and
curtailment.

• Case4: Optimal allocation of DGs and BESSs in pres-
ence of DR and curtailment.

• Case5: Optimal allocation of DGs, BESSs, and CBs in
presence of DR and curtailment.

In each case, several iterations are done. In each iteration, the
epsilon parameters ε1 and/or ε2 vary, and the multi-objective
function is optimized.

The most probable wind and solar power scenarios as gen-
erated in Section II are used in the optimization modelling.

The case studies of the two configurations are addressed in
the following subsections.

FIGURE 7. Daily demand load variations.

A. CONFIGURATION 1: WIND DGs
In configuration 1, under case 1 and as shown in Fig.8, the
highest economic index is 2.54 when the voltage stability
factor and power losses are 0.962 and 100 kW, respectively.

FIGURE 8. Variations of the objective functions and wind DGs capacities
with epsilon parameters change under case1.

The economic index reduced slightly with the voltage sta-
bility factor increase and the power losses reduction, the
highest voltage stability factor and the lowest power losses
are 0.975 and 80 kW, respectively.

FIGURE 9. Variations of the objective functions and wind DGs capacities
with epsilon parameters change under case2.

In presence of DR under case 2 and as shown in Fig.9, the
highest economic index is increased by 31.5% as compared
to that of case 1. The lowest power losses are reduced by
19.25% and the highest voltage stability factor increased by
0.003 as compared to that of case 1. With the activation of
the renewables curtailment option under case 3, it can be
seen from Fig.10 that the highest economic index is remained
the same as that of case 2. However, the activation of the
curtailment option resulted in lower power losses and higher
voltage stability factor values compared to case 2. The lowest
power losses are reduced by 7.12% and the highest voltage
stability factor is increased by 0.003 as compared to that of
case 2.

FIGURE 10. Variations of the objective functions and wind DGs capacities
with epsilon parameters change under case3.
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FIGURE 11. (a)Variations of the objective functions and wind DGs
capacities with epsilon parameters change under case4. (b) Variations of
BESSs ratings under case4.

FIGURE 12. State of charge of the BESS under the lowest power losses
iteration of case 4.

By utilizing the BESSs side by side with DR and cur-
tailment under case 4 and as shown in Fig.11 (a), it can be
seen that the highest voltage stability factor is increased by
0.010, 0.007, and 0.004 as compared to cases 1, 2, and 3,
respectively. It can be also seen that the lowest power losses
under case 4 are reduced by 37.5%, 22.6%, and 16.66% as
compared to cases 1, 2, and 3, respectively. The ratings of the
required BESSs at the different buses under case 4 are shown
in Fig.11 (b), the total BESSs rating required to achieve the
highest voltage stability factor of 0.985 is almost the same as
that required to achieve the lowest power losses of 50 kW.

The state of charge variations of the BESSs during the
24 hours under the lowest power losses iteration of case 4 are
shown in Fig. 12.

FIGURE 13. (a) Variations of the objective functions and wind DGs
capacities with epsilon parameters change under case5. (b) Variations of
CBs ratings under case5. (c) Variations of BESSs ratings under case5.

In case 5, the CBs are integrated with BESSs, DR, and
curtailment. The shown results in Fig.13 (a) reveal that the
highest economic index among the 5 studied cases is obtained
at 23.51. It can be seen that this value is achieved in absence
of BESSs and with no wind DG installed at any bus. This high
economic index value represents the economic benefits that
could be obtained with the integration of CBs. The lowest
power losses and the highest voltage stability factor values
among the 5 studied cases are achieved under case 5. The
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lowest power losses are reduced by 62.5%, 53.56%, 50%, and
40% as compared to cases 1, 2, 3, and 4, respectively. The
highest voltage stability factor is the same as that of case 4.

The ratings of the required CBs at the different buses are
shown in Fig.13 (b). The total rating of the CBs to achieve
the highest economic index is the lowest among all iterations
under case 5. Fig.13(c) shows that no BESSs are required in
all iterations unless to achieve lower power losses of 30 kW.

The state of charge variations of the BESSs during the
24 hours under the lowest power losses iteration of case 5 are
shown in Fig. 14.

FIGURE 14. State of charge of the BESSs under the lowest power losses
iteration of case 5.

The variations of the injected reactive power by the CBs
during the 24 hours of case 5 under the lowest power losses
iteration are shown in Fig. 15.

FIGURE 15. Reactive power of the CBs under the lowest power losses
iteration of case 5.

Fig.16 shows the mean bus voltage profile considering the
lowest power losses iterations for the 5 studied cases under
configuration 1. With the BESSs integration under case 4,
the voltage profile is enhanced compared to cases 1, 2, and 3.
It is also clear that the CBs integration under case 5 has
substantially improved the voltage profile compared to all the
other cases.

The most optimal results for the three main objectives of
all the studied cases under configuration 1 are presented in
bold in table 3.

FIGURE 16. Mean bus voltage profile for the lowest power losses
iterations of the 5 studied cases under configuration 1.

TABLE 3. The most optimal results of the main objectives for the
5 studied cases under configuration 1.

B. CONFIGURATION 2: SOLAR DGs
In configuration 2, under case 1 and as shown in Fig.17, the
highest economic index is 7.09 when the voltage stability

FIGURE 17. Variations of the objective functions and solar DGs capacities
with epsilon parameters change under case1.
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factor and power losses are 0.962 and 100 kW, respectively.
The economic index is reduced with the voltage stability fac-
tor increase and power losses reduction, the highest voltage
stability factor and the lowest power losses are 0.989 and
60 kW, respectively. With the integration of DR under case 2,
it can be seen from Fig. 18 that the highest economic index is
10.46, improved by 47.53% as compared to that of case 1. The
lowest power losses are reduced by 33.42% and the highest
voltage stability factor is increased by 0.006 as compared to
that of case 1.

FIGURE 18. Variations of the objective functions and solar DGs capacities
with epsilon parameters change under case2.

FIGURE 19. Variations of the objective functions and solar DGs capacities
with epsilon parameters change under case3.

In case 3, the renewables curtailment option is activated
along with DR. Fig. 19 shows that the obtained results are
the same as that of case 2 including the highest economic
index and the lowest power losses values, however the highest
voltage stability factor is increased by 0.002 as compared to
that of case 2. This indicates that curtailment could be an
effective option in some cases.

FIGURE 20. (a)Variations of the objective functions and solar DGs
capacities with epsilon parameters change under case4. (b) Variations of
BESSs ratings under case4.

The BESSs are integrated with DR and curtailment under
case 4. From Fig.20 (a), the lowest power losses are reduced
by 41.67% as compared to case 1 and reduced by 12.39%
as compared to cases 2 and 3. The highest voltage stability
factor is increased by 0.01, 0.004, and 0.002 as compared
to cases 1, 2, and 3, respectively. The ratings of the required
BESSs at the different buses are shown in Fig.20 (b), a higher
total BESSs rating is required to achieve the lowest power
losses of 35 kW than the total BESSs rating required to
achieve the highest voltage stability factor of 0.999.

The state of charge variations of the BESSs during the
24 hours under the lowest power losses iteration of case 4 are
shown in Fig. 21.

FIGURE 21. State of charge of the BESSs under the lowest power losses
iteration of case 4.
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With the integration of CBs, BESSs, DR, and curtailment
under case 5. The results presented in Fig.22 (a) show that
the highest economic index is 23.51 (same as that obtained in
configuration 1 under case 5) which is the highest among the
5 studied cases. This value is achieved in absence of BESSs
and with no solar DG installed at any bus. The lowest power
losses and the highest voltage stability factor values among
the 5 cases are also achieved under case 5. The lowest power
losses are reduced by 66.7% compared to case1, reduced by
49.99% as compared to cases 2 and 3, and reduced by 42.91%
as compared to case 4. The highest voltage stability factor is
the same as that of case 4.

FIGURE 22. (a) Variations of the objective functions and solar DGs
capacities with epsilon parameters change under case5. (b) Variations of
CBs ratings under case5. (c) Variations of BESSs ratings under case5.

The ratings of the required CBs at the different buses are
shown in Fig.22 (b).

Fig.22(c) shows that no BESSs are required in all iterations
unless to achieve lower power losses of 19.98 kW.

The state of charge variations of the BESSs during the
24 hours under the lowest power losses iteration of case 5 are
shown in Fig. 23.

FIGURE 23. State of charge of the BESSs under the lowest power losses
iteration of case 5.

The variations of the injected reactive power by the CBs
during the 24 hours under the lowest power losses iteration
of case 5 are shown in Fig. 24.

FIGURE 24. Reactive power of the capacitor banks under the lowest
power losses iteration of case 5.

FIGURE 25. Mean bus voltage profile for the lowest power losses
iterations of the 5 studied cases under configuration 2.

Fig.25 shows the mean bus voltage profile considering the
lowest power losses iterations for the 5 studied cases under
configuration 2. With the integration of BESSs under case 4,
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the voltage profile is enhanced compared to cases 1, 2, and
3. It is also clear that the CBs integration under case 5 has
substantially improved the voltage profile compared to all the
other cases.

The most optimal results for the three main objectives of
all the studied cases under configuration 2 are presented in
bold in table 4.

TABLE 4. The most optimal results of the main objectives for the
5 studied cases under configuration 2.

C. ANALYSIS OF THE OBTAINED RESULTS
In this study, the economic feasibility is analyzed by the
obtained economic index values, while the technical feasibil-
ity is analyzed through the obtained power losses and voltage
stability factor values. Based on the obtained results, the
economic and technical feasibility of the used tools has been
proven under both wind and solar configurations. In case 1
of the two configurations, lower power losses and higher
voltage stability factor values are obtained compared to the
base case in which no renewable DGs are integrated while
the economic index is kept at reasonable values. In case 2,
the DR integration with renewables resulted in better voltage
stability factor and power losses values compared to case 1,
also the economic index increased significantly with DR inte-
gration because of the DR compensation paid to customers.
In case 3, the curtailment integration slightly enhanced the
voltage stability factor and power losses values, but no sensi-
ble impact on the economic index values is recorded. This
is understandable as the curtailment option has no direct
relation to the economic index cost terms. In case 4, the BESS
integration resulted in much lower power losses and higher
voltage stability factor values.

However, the economic index is reduced in the iterations
where BESSs are utilized because of the relatively high
installation and degradation costs of the BESSs. The CBs
integration in case 5 resulted in the highest economic index
and voltage stability factor values, and the lowest power

losses among all the studied cases. This could be interpreted
because of the relatively low installation cost of the CBs
which improves the economic index, also the reactive power
compensation provided by the CBs reduces the power losses
and improves the voltage stability factor.

It is observed that the resulted economic index values
in configuration 2 using solar DGs are higher than that of
configuration 1 using wind DGs under the same cases. This is
because of the higher installation, operation and maintenance
costs of the wind DGs compared to that of solar DGs for
the same power. Also, the wind speed, solar irradiance, and
their associated generated power pattern greatly affect the
economic feasibility, such that the higher wind speed and
solar irradiance, the better utilization of the peak installed
wind and solar power and accordingly the better economic
feasibility. Furthermore, the mismatching between the daily
demand loads and renewable generation patterns such that
maximum power generation and minimum load consumption
and vice versa greatly affect the economics of renewables
integration.

Among the tools used in the optimization model, the
CBs demonstrated the highest economic feasibility while the
BESSs are of the lowest economic feasibility. This is mainly
because of the relatively low installation cost of the CBs and
the relatively high installation and degradation costs of the
BESSs. However, the integration of BESSs is still required
under some cases to overcome the mismatching between
renewables’ power generation and load, and to achieve lower
power losses and higher voltage stability factors that are not
achievable without BESSs.

V. CONCLUSION
In this paper, a multi-objective optimization problem is for-
mulated to maximize the economic index and average voltage
stability factor, and to minimize the average power losses
in distribution networks considering the simultaneous inte-
gration of different renewable DGs, BESSs, and CBs in
presence of DR and renewables curtailment, and considering
the battery degradation cost. The modelling of wind and
solar generated power is considered. The proposed model
is implemented and tested on standard IEEE 33-bus radial
distribution system.

Two different configurations are investigated using wind
and solar DGs, in each configuration five different cases are
studied. Several iterations are done under each case in which
the epsilon parameters vary and the multi-objective function
is optimized. The key findings of the study are addressed in
the following points:

• The renewable DGs integration in the distribution net-
work in case 1 has technical and economic benefits.
The technical benefits are assured by achieving lower
power losses and higher voltage stability factor values
compared to the base casewithout renewableDGs, while
the economic feasibility is guaranteed by achieving rea-
sonable economic index values.
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• The DR has a positive effect in optimizing the multi-
objectives. The economic index is increased signifi-
cantly with DR integration in case 2 because of the
compensation paid to customers for energy consumption
reduction during the peak demand hours. The highest
economic index is increased by 31.5% and 47.53% for
wind and solar configurations, respectively with the acti-
vation of DR compared to that without DR. Also, the
power losses are reduced and the voltage stability factor
is improved with DR integration.

• The integration of renewables curtailment in case 3 has
no sensible impact on the economic index values, how-
ever it is useful in achieving lower power losses and
higher voltage stability factor values.

• The BESSs demonstrated to have the lowest economic
feasibility among the used tools in the modelling.
The economic index is reduced significantly with the
integration of BESSs because of the additional costs
of the BESSs. However, the integration of BESSs is
still required under some iterations under case 4 to
meet certain objectives such as lower power losses
(50 kW and 35 kW for wind and solar configura-
tions, respectively) and/or higher voltage stability factor
(0.985 and 0.999 for wind and solar configurations,
respectively).

• The CBs demonstrated to have the highest economic
feasibility among the used tools in the modelling. The
highest economic index is achieved under case 5 of wind
and solar configurations at 23.51. This value is achieved
in conjunction with DR and curtailment and in absence
of wind and solar DGs, and BESSs.

• The simultaneous integration of renewable DGs, BESSs,
and CBs in presence of DR and renewables curtailment
under case 5 achieved the lowest power losses (30 kW
and 19.98 kW for wind and solar configurations, respec-
tively) and the highest voltage stability factor (0.985 and
0.999 for wind and solar configurations, respectively)
among all cases.

• The economic index values obtained for solar configura-
tion are higher than that of the wind configuration under
the same cases due to the high installation, operation and
maintenance costs of wind DGs as compared to that of
solar DGs.

• Themean voltage profile improved under wind and solar
configurations with the integration of each of the used
tools. The substantial improvement of voltage profile is
achieved by BESSs and CBs integration.
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