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To meet ever increasing load demand in a sustainable way, reinforcement of photovoltaic (PV) array,
wind turbine (WT) and capacitor bank in distribution network is proposed in this paper. A comprehensive
planning model is presented to determine location and required installation capacity of multiple PV
array, WT and capacitor units in an electric power distribution network under heavy load growth situa-
tion. Intermittent power generation of renewable energy sources (RESs) are quantified with suitable
probability distribution functions and incorporated in the planning model. The planning approach con-
siders several welfare areas in the distribution systems, viz., increment of profit margin, reduction of
carbon-di-oxide emission, minimization of distribution power losses, enhancement of voltage stability
level and improvement of the network security considering power flow, voltage limit, line capacity,
RES penetration, capacitor penetration and utility economy constraint. Non-dominated sorting based
multi-objective particle swarm optimization algorithm along with fuzzy decision making criteria is used
to find the best allocation alternative for mix RES and capacitor planning problem. The effectiveness of
the proposed model has been tested on a typical 28-bus Indian rural distribution network. The results
show that more efficient techno-eco-environmental optimization can be obtained from combined RES
and capacitor planning model.

� 2016 Published by Elsevier Ltd.
Introduction

Power utilities around the world are faced with great challenges
to keep up to the increasing demand of electric power. Global
warming threat, dwindling resources of fossil fuels, economic
and infrastructural constraints to build new power plants, and lim-
ited transmission and distribution corridors are driving the utilities
to seek alternative methods to meet the increased demand. Solar
and wind energy are the two most viable and environmental
friendly RESs which have attracted the attention of utilities world-
wide [1]. Unlike centralized bulk power stations RESs are small
scale power generation units and can be directly installed in a dis-
tribution network. However, a common drawback of solar and
wind power generation is their unpredictable nature and high
dependency on weather conditions. The problems can be partially
overcome utilizing the two resources in a proper combination as
they are usually complementary in nature [2,3]. The application
of two different RESs together in the network increases the com-
plexity and makes such hybrid systems more difficult to analyze.
Planning of distribution network with only RESs is not very fruitful
because of high implementation cost and limited reactive power
support. So, reinforcement of combined RES and capacitor could
be an attractive option for proper design and exploitation of distri-
bution network. The parallel use of capacitor bank improves power
quality parameters by injecting the reactive power into the net-
work with low expense. Moreover, proper allocation of RESs and
capacitor banks in the distribution network defers major system
upgrade, reduces overall energy loss and improves reliability.
However, connection of new facilities in the network is not a sim-
ple plug and play problem. Sitting and sizing of PV arrays and wind
turbines (WTs) along with shunt capacitors need to be investigated
carefully to avoid voltage rise and line over loading problems. The
planning of RESs and capacitors in the distribution network should
be modelled in the form of an optimization problem to get maxi-
mum benefit.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2016.04.029&domain=pdf
http://dx.doi.org/10.1016/j.ijepes.2016.04.029
mailto:partha_kayal@yahoo.co.in
mailto:ckc_math@yahoo.com
http://dx.doi.org/10.1016/j.ijepes.2016.04.029
http://www.sciencedirect.com/science/journal/01420615
http://www.elsevier.com/locate/ijepes


336 P. Kayal, C.K. Chanda / Electrical Power and Energy Systems 83 (2016) 335–351
Although numbers of paper have appeared on sizing optimiza-
tion of autonomous hybrid solar–wind system very less effort
was devoted towards grid interactive renewable energy system
design. In Refs. [4,5,7–10], the authors have focused on planning
of RESs considering different technical, economic and environmen-
tal prospects. PV array, WT and storage battery were used for opti-
mum design of a hybrid system considering cost, reliability and
emission in Ref. [4]. Bayod-Rujula et al. [5] have analyzed the inter-
action of hybrid PV–Wind systems plus batteries with the utility
network and tried to find the best combination of the RESs and
the size of the battery. However, it has been observed that config-
uration without battery storage is more graceful for social, eco-
nomic and environmental sustainability [6]. In Ref. [7], the
authors have utilized multi-objective artificial bee colony (MOABC)
algorithm to determine the capacity of hybrid PV/WT/FC energy
system and the open tie switch numbers. The objectives consid-
ered for the optimization were power loss minimization, voltage
stability maximization, cost reduction of energy generated and
total emission. Khatod et al. [8] have proposed an evolutionary
programming based approach to find optimum locations of PV
arrays and WTs in distribution network. Stochastic nature of solar
and wind power generation was considered in the paper to mini-
mize active energy loss. Alsayed et al. [9] have investigated com-
bined PV–WT sizing problem with multi criteria decision making
algorithm (MCDA). Environmental and economical attributes are
weighted based on their entropy variation due to change of gener-
ation and load. Later in Ref. [10], they have exploited non-
dominated sorting genetic algorithm (NSGA) along with MCDA
for optimum design of the hybrid system configuration.

Capacitor placement problems for distribution network were
discussed in Refs. [11–13]. The optimal locations and sizes of
capacitor banks were obtained using a direct search algorithm in
Ref. [11]. The aim of the study was to minimize the cost related
to capacitor planning. A bacterial foraging based solution method-
ology was proposed in Ref. [12] to find the optimal location and
size of capacitors in radial distribution systems. A teaching learn-
ing based optimization algorithm was presented in Ref. [13] to
minimize active network power loss, capacitor installation cost
and energy loss cost. However, there is hardly any paper address-
ing the issues regarding combined planning of PV array, WT and
capacitor bank.

Few recent researches have examined distribution planning
problem incorporating local generation and capacitor unit
[14–16]. An analytical based approach for allocation of distributed
generation (DG) and capacitor was presented by Naik et al. [14] on
view point of minimization of total real power loss. Sensitivity
analysis has been performed to identify the candidate locations
for DG and capacitor placement, and the heuristic curve fitting
technique used to determine their capacity. In Ref. [15], authors
have proposed simultaneous placement of DG and capacitor in
radial distribution system considering the objectives of energy loss
minimization and voltage profile improvement. A combinatorial
form of local search and genetic algorithm was utilized to solve
the optimization problem. Moradi et al. [16] presented imperialist
competitive algorithm approach to identify location and capacity
of DG and capacitor in distribution network for power loss reduc-
tion and voltage stability improvement. In these studies DGs were
considered as constant power sources (constant PQ model). How-
ever, integration of intermittent RESs cannot guarantee constant
power output throughout the planning period. Therefore, it is
important to assess and quantify the relative system performance
with the integration of RES units whose generation varies daily or
seasonally.

This paper presents a novel multi objective particle swarm opti-
mization (MOPSO) technique based planning method for appropri-
ate location and size selection of non-dispatchable RESs and
capacitor banks in an existing operation situation. Load growth is
a continual phenomenon of distribution network which is
unavoidable. The network operational characteristics would likely
to be affected by the additional demand. In previous studies the
effect of load growth was not considered. In this paper, a proper
approach for a well-planned distribution system is convinced
while considering the impact of yearly load growth. The rest of this
paper is organized as follows. In Section ‘Modelling of intermittent
RESs’, probabilistic power generation model of RESs considering
stochastic nature of resources has been presented. Section ‘Plan-
ning problem’ illustrates the proposed planning problem with for-
mulation of objective functions and constraints as well. In
Section ‘Application of MOPSO’, MOPSO technique based solution
strategy to design sustainable distribution network is discussed.
Section ‘Test network and local weather’ contains description of
test network and details about the weather affecting the distribu-
tion system. Simulation results are discussed in Section ‘Results
and discussion’ and finally the conclusions are reported in
Section ‘Conclusion’.

Modelling of intermittent RESs

Solar and wind power generations are highly influenced by
meteorological conditions such as wind speed, solar irradiance,
and ambient temperature. So the characteristics of solar radiation
and wind conditions at installation location should be analyzed
at the primary stage for efficient utilization of PV arrays and WTs.

Renewable resource model

Probability distribution functions (PDF) can be used to charac-
terize stochastic behavior of renewable resources (wind speed
and solar irradiance) in a statistical manner.

Solar irradiance modelling
The probabilistic nature of solar irradiance is considered to fol-

low Beta PDF [17,18]. Beta distribution for solar irradiance st

(kW=m2) over time segment ‘t’ is given by

f tsðsÞ ¼
Cðat þ btÞ
CðatÞ � CðbtÞ � ðs

tÞat�1 � ð1� stÞbt�1 for at > 0; bt > 0

ð1Þ
where at and bt are the shape parameters at ‘t’; and C represents
Gamma function.

Shape parameters of Beta PDF can be calculated using mean
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Wind speed modelling
In order to describe stochastic behavior of wind speed in a pre-

defined time period, Weibull PDF has been chosen [8,18]. Weibull
distribution for the wind speed v t (m/s) at tth time segment can be
expressed as

f tvðvÞ ¼
kt

ct
� v t

ct

� �kt�1

� exp � v t

ct

� �kt�1
 !

for ct > 1; kt > 0

ð4Þ



Fig. 1. Optimization framework considering time varying generation and load.
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The shape parameters kt and ct are calculated as follows.
kt ¼ rt

lt
v

� ��1:086

ð5Þ
ct ¼ lt
v

Cð1þ 1=ktÞ ð6Þ
lt
v and rt

v are mean and standard deviation of wind speed at time
segment ‘t’.
Power generation model

To calculate the output power of intermittent RESs, the contin-
uous PDF for a specific time segment has been divided into states
(periods), in each of which the solar irradiance and wind speed
are within specific limits [17]. Power generation of PV array and
WT are governed by probability of all possible states in the time
segment.

Power generation by PV array
The average output power of PV array correspond to a specific

time segment ‘t’ Pt
PV

� �
can be calculated as follows.



Fig. 2. Flowchart to generate best non-dominated solution from multi-objective RES–capacitor planning problem.
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Pt
PV ¼

XNs

g¼1

PGPVg � Ps stg
� �

ð7Þ

where ‘g’ signifies the state variable and Ns is the number of discrete
solar irradiance state. stg is the gth level/state of solar irradiance at
tth time segment.

The probability of the solar irradiance for each state during any
specific time frame is calculated as
Ps stg
� �

¼

R ðstgþstgþ1Þ=2
0 f tsðsÞds for g ¼ 1R ðstgþstgþ1Þ=2
ðst

g�1þstg Þ=2
f tsðsÞds for g ¼ 2 . . . ðNs � 1ÞR1

ðst
g�1þstg Þ=2 f

t
sðsÞds for g ¼ Ns

8>>>><
>>>>:

ð8Þ

Solar irradiance and ambient temperature of the site are the
main dominating factors which affect the output power of PV
array. The power generation of PV array at average solar irradiance
(sag) for the gth level/state is evaluated as



Fig. 3. Single line diagram of test distribution network (S/S: substation; R:
residential demand; C: commercial demand and I: industrial demand).

Table 2
Exponent of voltage for active and reactive power in different class of loads.

Load type Exponent for
active power

Exponent for
reactive power

Residential 0.92 4.04
Commercial 1.51 3.40
Industrial 0.18 6.0
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PGPVgðsagÞ ¼ NPVmod � FF � Vg � Ig ð9Þ
where NPVmod is the total number of PV modules used to form a PV
array. The current–voltage characteristic of a PV module can be
determined for a given radiation level and ambient temperature
TA (�C) using the following relations [19].

Ig ¼ sag ½ISC þ KiðTC � 25Þ� ð10Þ

Vg ¼ VOC � Kv � Tcg ð11Þ

Tcg ¼ TA þ sag
NOT � 20

0:8

� �
ð12Þ

FF ¼ VMPP � IMPP

VOC � ISC ð13Þ
Table 1
Line and load data of 28-bus distribution network.

Line
number

Sending End
(SE) bus

Receiving End
(RE) bus

Resistance of line section SE–
RE (ohm)

1 1 2 1.179
2 2 3 1.796
3 3 4 1.306
4 4 5 1.851
5 5 6 1.524
6 6 7 1.905
7 7 8 1.197
8 8 9 0.653
9 9 10 1.143

10 4 11 2.823
11 11 12 1.184
12 12 13 1.002
13 13 14 0.455
14 14 15 0.546
15 5 16 2.550
16 6 17 1.366
17 17 18 0.819
18 18 19 1.548
19 19 20 1.366
20 20 21 3.522
21 7 22 1.548
22 22 23 1.092
23 23 24 0.910
24 24 25 0.455
25 25 26 0.364
26 8 27 0.546
27 27 28 0.273
Tcg is cell temperature at gth state (�C); Ki and Kv are current and
voltage temperature co-efficient (A/�C and V/�C); NOT is the nominal
operating temperature of cell (�C); FF is the fill factor; VOC and ISC
are open circuit voltage (V) and short circuit current (A); VMPP and
IMPP are respectively voltage (V) and current (A) at maximum power
point;

Power generation by wind turbine
The average output power of WT corresponds to a specific tth

time segment Pt
WT

� �
can be calculated as follows.

Pt
WT ¼

XNv
g¼1

PGWTg � Pv v t
g

� �
ð14Þ

The probability of the wind speed for each state during any
specific time frame is calculated as

Pv v t
g

� �
¼

R ðvt
gþvt

gþ1Þ=2
0 f tvðvÞdv for g ¼ 1R ðvt

gþvt
gþ1Þ=2

ðv t
g�1

þvt
g Þ=2

f tvðvÞdv for g ¼ 2 . . . ðNv � 1ÞR1
ðvt

g�1þvt
g Þ=2 f

t
vðvÞdv for g ¼ Nv

8>>>><
>>>>:

ð15Þ

Power generation of WT depends on its power performance
curve. For non-liner performance characteristics, power generation
of WT [18] at average wind speed (vag) for state ‘g’ is calculated as

PGWTg ¼
0 vag < vcin or vag > vcout

ða � v3
ag þ b � PratedÞ vcin 6 vag 6 vN

Prated vN 6 vag 6 vcout

8><
>: ð16Þ
Reactance of line section SE–
RE (ohm)

Maximum line loading
(MVA)

Peak load at RE bus
(MVA)

0.82 1.5 0.050
1.231 1.3 0.020
0.895 1.1 0.050
1.266 0.8 0.020
1.044 0.7 0.050
1.305 0.6 0.050
0.820 0.5 0.050
0.447 0.4 0.020
0.783 0.3 0.020
1.172 0.5 0.080
0.491 0.4 0.050
0.416 0.3 0.050
0.189 0.2 0.020
0.227 0.1 0.050
1.058 0.1 0.050
0.567 0.5 0.013
0.340 0.4 0.013
0.642 0.3 0.050
0.567 0.2 0.050
0.340 0.1 0.020
0.642 0.5 0.050
0.453 0.4 0.013
0.378 0.3 0.080
0.189 0.2 0.013
0.151 0.1 0.050
0.226 0.2 0.050
0.113 0.1 0.050



Fig. 4. Variation of load demand for residential, commercial and industrial customers during. (a) Winter. (b) Spring. (c) Summer. (d) Autumn.

Fig. 5. Variation of ambient temperature in different seasons at test site.
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where Prated is the maximum power that can be generated by WT;
vcout is the cut-out wind speed; Constants a and b are function
of cut-in wind speed (vcin) and nominal wind speed (vN), and
obtained as
a ¼ Prated

v3
N � v3

cin

� � ð17Þ
b ¼ v3
cin

v3
N � v3

cin

� � ð18Þ
Planning problem

Concurrent allocation of RESs and capacitor banks in distribu-
tion network is a nonlinear multitask optimization problem,
including some equality and inequality constraints. Multitask
includes maximization of economic benefit from the project, min-
imization of network power loss, enhancement of voltage stability,
augmentation of network security and mitigation of carbon emis-
sion satisfying voltage limit, line capacity, RES penetration and
capacitor penetration constraints. RESs are considered to be oper-
ated at unity power factor because cost of real power is higher
compared to reactive power. The effect of load growth has been
taken into account to model the planning problem.

Load growth

The effect of the load growth results a considerable increment
in customer demand after a certain time interval. The modified



Table 3
Mean and standard deviation of solar irradiance (kW=m2) in the study period.

Hour Winter Spring Summer Autumn

ls rs ls rs ls rs ls rs

1 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0.0032 0.0045 0 0
6 0.0300 0.0417 0.0158 0.0196 0.1278 0.0406 0.0707 0.0299
7 0.1623 0.0463 0.1605 0.0332 0.2538 0.0714 0.2177 0.0433
8 0.3741 0.0669 0.3412 0.0658 0.3824 0.1189 0.3988 0.0803
9 0.4732 0.0669 0.5060 0.1002 0.4908 0.1388 0.5465 0.1121

10 0.5831 0.0998 0.6385 0.1319 0.5680 0.1659 0.6442 0.1336
11 0.6463 0.1219 0.7120 0.1551 0.6164 0.1445 0.6827 0.1492
12 0.6496 0.1262 0.7305 0.1510 0.5990 0.1175 0.6645 0.1452
13 0.5921 0.1117 0.6780 0.1283 0.5614 0.0995 0.5923 0.1282
14 0.4786 0.0838 0.5699 0.1011 0.4672 0.0788 0.4731 0.0999
15 0.3228 0.0515 0.4124 0.0765 0.3548 0.0550 0.3121 0.0635
16 0.1609 0.0382 0.2394 0.0446 0.2228 0.0410 0.1402 0.0309
17 0.0269 0.0372 0.0834 0.0230 0.1030 0.0276 0.0057 0.0112
18 0 0 0 0 0 0 0 0
19 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0 0
22 0 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0 0
24 0 0 0 0 0 0 0 0

Table 4
Mean and standard deviation of wind speed (m/s) in the study period.

Hour Winter Spring Summer Autumn

lv rv lv rv lv rv lv rv

1 2.1333 1.1676 10.7000 3.0643 9.9000 0.7937 3.9667 2.5146
2 2.2333 1.0693 10.5667 2.7647 9.3667 0.8021 3.8667 2.2301
3 2.5000 1.0000 10.3667 2.9501 9.1667 0.8505 3.8333 2.0648
4 2.7333 0.8021 9.9333 3.1005 9.0000 0.8185 3.8000 2.0075
5 2.9333 0.8021 9.6000 3.0512 8.7000 0.7550 3.7667 1.8717
6 2.9667 0.6807 9.6667 3.0892 8.6000 1.0583 3.9000 1.7776
7 3.0667 0.6506 9.6333 3.2347 9.0000 1.1533 4.3333 2.0526
8 3.8333 0.7095 10.0333 2.9143 9.0333 1.1504 5.0000 1.7059
9 5.1000 0.8185 10.1667 2.4826 9.3333 0.9504 5.5667 1.6073

10 5.5667 0.6110 10.5333 2.3459 9.6000 1.1533 5.8667 1.2423
11 5.9333 0.3055 11.0000 2.5515 10.1333 1.0066 6.2333 1.6166
12 6.1000 0.3606 11.2333 2.5891 10.2667 0.8622 6.1667 1.5144
13 3.9333 0.3215 6.2667 0.6807 7.9667 0.3786 5.3000 0.8718
14 3.8000 0.5292 6.3333 0.7506 8.0000 0.4583 5.2333 1.0116
15 3.6000 0.5292 5.6000 0.3606 8.0000 0.5000 4.8667 1.0693
16 3.0000 0.5568 5.8333 0.6506 7.7333 0.4509 4.3000 1.1358
17 2.0667 0.9609 5.3667 1.2014 6.9667 0.2309 3.3000 1.5395
18 0.8333 0.5132 4.0667 1.7559 5.9667 0.3786 1.9333 1.2858
19 0.6333 0.2517 2.8667 1.3013 4.8333 0.3215 1.5667 1.0786
20 0.7000 0.3000 2.7333 1.0017 4.4333 0.3215 1.5000 0.8718
21 0.8667 0.4509 2.8000 0.8888 4.3333 0.4163 1.5667 0.9074
22 0.9333 0.4041 2.8000 0.7937 4.1000 0.2646 1.5000 0.9644
23 0.9000 0.3606 2.8333 0.6351 4.0667 0.2082 1.5333 0.9292
24 0.9667 0.3215 2.9000 0.6083 4.0000 0.1732 1.5333 0.8386

Table 5
Specification of PV module.

Parameter Value

Voltage at maximum power point 28.36 V
Voltage at maximum power point 7.76 A
Open circuit voltage 36.96 V
Short circuit current 8.38 A
Nominal cell operating temperature 43 �C
Current temperature co-efficient 0.00545 A/�C
Voltage temperature co-efficient 0.1278 V/�C
Life period 20 years

Table 6
Technical specification of wind turbine.

Attribute Value

Cut-in-speed 3 m/s
Nominal wind speed 12 m/s
Cut-out speed 25 m/s
Rated output power 250 kW
Life period 20 years
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Table 7
Cost attributes of RESs (55INR = 1$).

Investment
cost (INR/kW)

Operating & maintenance
cost (INR/kW)

Solar power generation unit 71,250 1425 (2% of Investment)
Wind power generation unit 67,890 3395 (5% of Investment)

Table 8
Technical and economic specification of capacitor bank.

Attribute Value

Rated output 150 kVAR
Cost 41,250 INR
Life period 10 years

Table 9
Value of the objective functions for different non-dominated solutions.

Table 11
Measurement of economical, technical and environmental parameters before and
after application of RESs and capacitor bank.

Value
of EI

Plossavg
(MW)

Value of
VSFavg

Value of
NSIavg

ACEavg
(ton/
year)

Network without
RESs & capacitor
bank

– 0.0439 0.9406 0.3853 5760

Network with RESs &
capacitor bank

1.8145 0.0223 0.9610 0.3543 4182
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active and reactive annual peak electric load (APEL) for x% of
annual load growth at bus-i for yth year becomes

P y
D;i ¼ 1þ x

100

� � y

PD;i ð19Þ
Q y
D;i ¼ 1þ x

100

� � y

QD;i ð20Þ

PD;i and QD;i are active and reactive power demand of bus-i at the
initial stage of planning.
Objective functions

EI, VSF, NSI and ACE are utilized to quantify economic benefit,
voltage stability condition of the network, power congestion risk
of the network and carbon oxide emission due to grid power con-
sumption in the network respectively. It is noteworthy to be men-
tioned that voltage magnitude of the buses and the line power
flows change from year to year due to load growth. Complying
with the fact, EI is calculated considering reduction of power losses
for distinct years. Also average value of active power loss (Plossavg),
Table 10
Optimum location and size of PV arrays, WTs and capacitor banks in distribution network

Intermittent RESs

Location in network Type of generation Number of installed unit Total siz

Bus-7 Solar 2 264 kW
Bus-13 Wind 2 500 kW
Bus-17 Solar 2 264 kW
VSF (VSFavg), NSI (NSIavg) and ACE (ACEavg) over the planning hori-
zon are suggested as objective functions.

Economic index
An EI is formulated to measure the economical potential of the

project over the planning period. Different financial aspects related
to reinforcement of RESs and capacitor banks are needed to be
investigated to develop EI.

Annualized capital cost of RESs. Annual capital cost [20] for RESs can
be represented as

ACPRES ¼
XNb

i¼2

X
j2type

ðICRES;ij � ni � liÞ � CRFðIR; LPjÞ ð21Þ

Investment cost of RES includes purchase, transportation and
connection cost of PV arrays and WTs. ICRES;ij is the initial invest-
ment for type-j RES unit at bus-i. LPj is the life period of type-j
RES. Nb is the total number of buses present in the distribution net-
work. li and ni are the location and size variable for RES at bus-i
respectively. It is to be noted that value of li equals to 0 and 1 sig-
nifies connection and disconnection of DG at bus-i. CRF is the cap-
ital recovery factor which signifies the present value of an annuity
(a series of equal annual cash flows). CRF depends on annual real
interest rate and life period of the component. CRF can be obtained
as follows

CRF ¼ IR � ð1þ IRÞLP
ð1þ IRÞLP � 1

ð22Þ

The annual real interest rate IR is related to the nominal interest
rate (IR0) and inflation rate (IF) by the following equation

IR ¼ ðIR0 � IFÞ
ð1þ IFÞ ð23Þ
Annualized capital cost of capacitor banks. The annualized capital
cost of capacitor banks is given by

ACPcap ¼
XNb

i¼2

ðICCap;i �mi � ciÞ � CRF ð24Þ

where ICcap is the initial investment for the capacitor banks; ci and
mi are the location and size variable for capacitor bank at bus-i
respectively.
.

Capacitor banks

e at location Location Number of installed unit Total size at location

Bus-6 2 300 kVAR



Table 12
Comparative study of economical, technical and environmental prospects at different system configuration.

Value of EI Plossavg (MW) Value of VSFavg Value of NSIavg ACEavg (ton/year)

Network with intermittent RESs only 1.7809 0.0346 0.9508 0.3694 4267
Network with capacitor bank only 82.0311 0.0304 0.9536 0.3650 5712
Network with intermittent RESs & capacitor bank 1.8145 0.0223 0.9610 0.3543 4182
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Annualized operating and maintenance cost of RESs. Operating and
maintenance cost includes yearly labor cost for service, tax and
maintenance cost of PV array and WTs. Annualized operating and
maintenance cost of RESs can be represented as

AOMCRES ¼
PNy

y¼1

PNb
i¼2

P
j2typeOMCRES;ij � ni � li

� �
� CPV y

Ny
ð25Þ

OMCRES;ij is the operating and maintenance cost per year for type-j
RES technology at bus-i. Ny is the planning period in years. CPV con-
verts the future cost into its equivalent present value and can be
realized as

CPV y ¼ 1þ IF
1þ IR0

� � y

ð26Þ
Fig. 6. Illustration of system’s minimum bus voltage at different penetrat
Annualized purchased power cost saving. Deployment of RESs and
capacitor banks in distribution network drastically reduce grid
power consumption because of DISCO’s localized generation and
network power loss reduction. Hence considerable amount of
energy cost is saved by DISCO.

Annual cost saving due to reduction of purchased power can be
determined as
ACS ¼
PNy

y¼1 DPlossy þPNb
i¼1P

y
RES;i � ni � li

� �
� CPV y � Chr

Ny
ð27Þ
P y
RES;i is the total active power injection by RES unit at bus-i in yth

year. DPlossy is the reduction of network real power loss in the year
ion scenario during. (a) Winter. (b) Spring. (c) Summer. (d) Autumn.



Fig. 7. Illustration of maximum line loading for RES penetration, capacitor penetration and RES–capacitor penetration during. (a) Winter. (b) Spring. (c) Summer. (d) Autumn.

Fig. 8. Variation of APEL at the load buses in the different years of the study period.
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‘y’ due to reinforcement. Chr is the cost of grid power. P y
RES can be cal-

culated using the following equation.
P y
RES ¼

XNsn

sn¼1

XNt

t¼1

X
j2type

Pt
RES;j

� �sn( )
� 24

Nt

� �
� NDy

Nsn

� �
ð28Þ

Pt
RES;j would be Pt

PV and Pt
WT for the case of solar and wind power gen-

eration respectively. Nt and Nsn are the total number time segment
in a season and total number of season in a year respectively. NDy is
the number of days in a year in which RESs are available for power
generation.

Considering the annual cash inflow and outflow of combined
RES–capacitor planning project, EI is formulated as

EI ¼ ACS
ðACPRES þ ACPcap þ AOMCRESÞ ð29Þ

The higher value of EI indicates elevated profit margin for the
utilities.

Average active power loss
Penetration of RESs and capacitor banks creates significant

impact on real power losses of the distribution network. Average
real power loss in presence of RESs and capacitors is obtained as

Plossavg ¼
PNy

y¼1

PNsn
sn¼1

PNt
t¼1 ðPlosstÞsn
� � y

ðNy � Nsn � NtÞ ð30Þ



Table 13
Network performance parameters in presence and absence of load growth.

Plossavg (MW) Value of VSFavg Value of NSIavg

Without load growth 0.0338 0.9478 0.3419
With load growth 0.0439 0.9406 0.3853
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Plosst is the real power loss of total distribution network at tth} hour
which can calculated using the following equation

Plosst ¼
XNbr

i¼1

X
j2type

Pt
D;iþ1 � Pt

RES;iþ1;j � ni � li
� �2

þ Qt
D;iþ1 � Qt

cap;iþ1 �mi � ci
� �2� 	

Vt
iþ1

� �2 :ri

ð31Þ

Qt
cap;iþ1 is the reactive power supplied by capacitor banks at bus-i + 1

in ‘t’ time frame. Nbr is the total number of branches or lines present
in the network and ri is the resistance of line-i.
Average voltage stability factor
Voltage stability indices [21–23] are widely used tool to mea-

sure the proximity of buses towards voltage collapse point. A volt-
age stability index namely VSF [24] is reproduced here to quantify
Fig. 9. Impact of load growth on voltage magnitude at buses during time p
the voltage stability condition of total distribution network. VSF for
time segment ‘t’ can be represented as

VSFt ¼
PNb

i¼2 2Vt
i � Vt

i�1

� �
ðNb � 1Þ ð32Þ

Average voltage stability level for the planning period can be
formulated as

VSFavg ¼
PNy

y¼1

PNsn
sn¼1

PNt
t¼1 ðVSFtÞsn
� � y

Ny � Nsn � Nt
� � ð33Þ

According to the authors’ investigation higher value of VSFavg indi-
cates more stable voltage stability condition of the network.

Average network security index
NSI is an indicator to measure the level of risk for power flow in

the network before going to extremis [25,26]. NSI at tth time seg-
ment can be formulated as

NSIt ¼
PNbr

i¼1

LtMVAi
LMVAmax;i

Nbr
ð34Þ

LtMVA;i is the power flow (MVA) through line-i at tth time segment
and LMVAmax;i is the maximum capacity of power flow for line-i.
eriod 10.00–11.00 h in (a) Winter. (b) Spring. (c) Summer. (d) Autumn.
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Average value of NSI in the planning horizon is realized as

NSIavg ¼
PNy

y¼1

PNsn
sn¼1

PNt
t¼1 ðNSItÞsn
� � y

ðNy � Nsn � NtÞ ð35Þ

The decreased value of NSI refers to an improvement in security
margin for the whole distribution network.

Average annual carbon-di-oxide emission
Transmission grid power which is mainly coming from thermal

power plants is responsible for abundant emission of carbon-di-
oxide. IEA have predicted that excessive carbon-di-oxide emissions
into the atmosphere will increase the earth’s surface temperature
approximately 3.6 �C by the next 25 years [27]. Accumulation of
carbon-di-oxide in the atmosphere creates detrimental effect on
global climate change by warming the earth surface. This effect
is associated with the absorption of long wavelength radiation
much more by carbon-di-oxide than other gases. Worldwide urge
to mitigate greenhouse gas emissions has increased pressure to
alter current generation and distribution paradigm. This is leading
to a new era in which renewable power generation technologies
are growing against the backdrop of existing power delivery
system.

The total annual carbon-di-oxide emission from hybrid power
system can be expressed as

ACEavg ¼
PNy

y¼1

PNsn
sn¼1

PNt
t¼1 PGt

SS

� �sn� � y
� 24

Nt

� �
� 365

Nsn

� �
� ERc

Ny
ð36Þ

PGt
SS is the active grid power consumption through substation at tth

time segment and ERc is the carbon-di-oxide emission rate. PGt
SS can

be obtained from the equation given below

PGt
SS ¼

XNb

i¼2

Pt
D;i þ Plosst �

XNb

i¼2

X
j2type

Pt
RES;ij � ni � li ð37Þ
Operational constraints

The planning problem is formulated to meet multiple objective
functions satisfying the equality and inequality constraints as
given below

Power flow constraint:

PGt
SS þ

XNb

i¼2

X
j2type

Pt
RES;ij � ni � li �

XNb

i¼2

Pt
D;i � Plosst ¼ 0 ð38Þ

QGt
SS þ

XNb

i¼2

Qt
cap;i �mi � ci �

XNb

i¼2

Qt
D;i � Qlosst ¼ 0 ð39Þ

QGt
SS is the reactive power consumption through substation at tth

time segment. Qlosst is reactive power loss of network at tth time
segment.

RES penetration constraint at bus-i:

Pt
RES � ni 6 Pt

RES � nmax;i ð40Þ
nmax;i is the maximum number of RES unit that can be accommo-
dated at bus-i.

Capacitor penetration constraint at bus-i:

Qt
cap �mi 6 Qt

cap �mmax;i ð41Þ
mmax;i is the maximum number of capacitor bank that can be con-
nected to bus-i.Bus voltage constraint at bus-i:

Vt
i 6 Vmax;i ð42Þ
Vt
i and Vmax;i are actual and maximum voltage magnitude of bus-i at

tth time segment.
Line capacity constraint of line-i:

LtMVA;i 6 LMVAmax;i ð43Þ
RES penetration constraint in network:

XNb

i¼2

X
j2type

Pt
RES;ij � ni � li 6

XNb

i¼2

Pt
D;i ð44Þ

Capacitor penetration constraint in network:

XNb

i¼2

Qt
cap �mi � ci 6

XNb

i¼2

Qt
D;i ð45Þ

Utility economy constraint:

EI P 1:0 ð46Þ
Optimization framework

EI, Plossavg , VSFavg , NSIavg and ACEavg are functions of location,
type and size of RESs, and location and size of capacitor bank.
The utility want to get the higher values of EI and VSFavg , and lower
values of Plossavg , NSIavg and ACEavg simultaneously for achieving
improved techno-economic and environmental friendly distribu-
tion system. The maximization of EI and VSFavg designates the min-
imization of f�EIg and f�VSFavgg respectively. So, the multi-
objective optimization problem can be formulated as

minf~f ð~xÞg s:t: ð38Þ to ð46Þ ð47Þ

where ~f ð~xÞ ¼ �EIð~xÞ; Plossavgð~xÞ;�VSFavgð~xÞ;NSIavgð~xÞ;ACEavgð~xÞ

 �T is

the vector of objective functions and ~x ¼ ½n; l; j;m; c�T is the vector
of decision variables. So, the multiple objectives are optimized with
respect to the variation of location, type and size of RESs, and loca-
tion and size of capacitor units in the distribution network. How-
ever, the choice of RESs is also dependent on their power
injection possibilities. The optimization framework considering
intermittent generation of RES units and reactive power support
of capacitor banks is shown in Fig. 1.

Application of MOPSO

MOPSO method

PSO is a simple and computationally effective stochastic search
technique well suited for complex and nonlinear optimization
problems [28]. PSO is a swarm intelligence method for deriving
optimal solution, inspired by the social behavior metaphor of lower
animals. In PSO, the particles in a swarm ‘fly’ in a multidimensional
problem space to search for possible optimal solution. In each
flight particles adjust their position and velocity based on past per-
sonal experience and from the success of their peers [29]. The posi-
tion and velocity modification of the particles can realized through
the following expression.

#d
iþ1 ¼ u#d

i þ C1rand
d
1 pbestdi � xdi
� �

þ C2rand
d
2 gbestd � xdi
� �

ð48Þ

xdiþ1 ¼ xdi þ #d
iþ1 ð49Þ

where u is the inertia of weight and given by

u ¼ umax �
umax �umin

itermax

� �
iter ð50Þ
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Maximum weight, umax and minimum weight, umin are set as 0.9
and 0.4 respectively. itermax and iter are the maximum iteration
number and current iteration number. C1 and C2 are the accelera-
tion coefficients and considered as 2.0 for both. rand1d and rand2

d

are two uniformly distributed random numbers independently gen-
erated within {0, 1} for the dth dimension. The best personal expe-
rience is called pbest and the swarm’s best experience is called
gbest. After every iteration, particles move toward the potential
solution region.

Unlike a unique optimal solution in PSO, a set of alternative
solutions known as Pareto optimal solutions or non-dominated
solutions is generated by MOPSO. These solutions are optimal in
the wider sense that no other solutions in decision space are
superior to them when multiple objectives are considered.
Non-dominated sorting and crowding distance concepts are
incorporated into PSO in order to allow this heuristic to handle
problems with several objective functions. The crowding distance is
a measure of how close an individual is to its neighbors and can
be obtained as follows.

I½i�dis tan ce ¼
XNobj

m¼1

ðI½iþ 1� �m� I½i� 1�:mÞ
fmax
m � fmin

m

� � for i ¼ 2 to n� 1

ð51Þ
Fig. 10. Impact of load growth on line loading during time period 10
Nobj is the total number of objective function. I½i� �m is the value of
the mth objective function of the ith individual in the front level I.
The individuals in the boundary (i.e. I½1� & I½n�) are assigned with
infinite distance [30]. In MOPSO, the swarm is sorted into various
non-domination front levels based on non-domination criteria.
The individuals that are not dominated by the others form the first
front. Since the pbest particles are chosen from top rank front levels;
the selection pressure drives the swarm towards the true non-
dominated solutions over many iteration steps. Randomly chosen
non-dominated solution from the less-crowded area in first front
level is used as guide (gbest) of the whole swarm [31]. So, the diver-
sity of the solution is preserved. Applying the constraint handling
technique [32], the solutions violating the constraint are avoided
to select gbest.
Fuzzy based decision making

After maximum iteration, MOPSO generate a set of non-
dominated solutions. Final decision should be determined with
higher level of qualitative considerations. Fuzzy rule have capabil-
ity to synthesize the problem and identify the optimal non-
dominated solution [33]. A linear fuzzy membership function is

chosen with fmin and fmax in the whole solution space. Fuzzy rule
.00–11.00 h in (a) Winter. (b) Spring. (c) Summer. (d) Autumn.
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can also be formulated with craziness of DISCOs on different objec-
tives. Mathematically fuzzy membership function for each objec-
tive in MOPSO can be defined as

wi ¼

0 if f i P fmax
i

fmax
i �f i

fmax
i �fmin

i

� �
if fmax

i > f i > fmin
i

1 if f i 6 fmin
i

ð52Þ

Overall membership value of any non-dominated solution k is
determined by summing of membership values followed by nor-
malization. It can be defined as

wk ¼
PNobj

i¼1 w
k
iPN

k¼1

PNobj

i¼1 w
k
i

ð53Þ

N is the number of non-dominated solution obtained from MOPSO.
Solution with highest value of wk is selected as best compromis-

ing solution.
Solution algorithm

The proposed planning problem is solved using MOPSO tech-
nique to generate non-dominated solution with the help of
trade-off between multiple objectives. The steps to generate best
non-dominated solution and corresponding optimal location, type
and size of RESs and, location and size of capacitor bank are as
shown in Fig. 2.
Test network and local weather

Network description

Proposed planning method is supposed to be done with an
11 kV, 28-bus rural distribution network [26] situated at Kakdwip
region in the state of West Bengal, India. The network is radial in
nature with 27 overhead distribution lines as shown in Fig. 3. It
is noted from the figure that bus-1 is situated at distribution sub-
station. The line and load data of the test network are provided in
Table 1. The power factor of the load is taken as 0.7.

Three types of customer viz. residential, commercial, and indus-
trial customers are present in the network territory. According to
types of customers, loads are categorized into residential, commer-
cial and industrial load. Different class of loads exhibit diverse
levels of voltage dependencies. Exponent of voltage magnitudes
for active and reactive power demand in different class of loads
[34] are shown in Table 2. Residential, commercial and industrial
customers have different level of power consumption pattern
throughout the day as depicted in Fig. 4. Also, there is a seasonal
change in power demand trajectories of the customers which can
be accessed from the figure.
Table 14
Study on power flow through line-3 (line loading within safe limit: !; line loading violate

Time segment (h)

1 . . . 9 10 11 12 13 14

Winter ! . . . ! ! ! ! ! !
Spring ! . . . ! ! ! ! ! !
Summer ! . . . ! � � � � !
Autumn ! . . . ! ! � � � !
Local weather

Kakdwip region (21.883�N88.183�E) has distinct seasonal varia-
tion in weather because of its location near to Bay of Bengal and
Tropic of Cancer. Four seasons: Summer (May to July), Autumn
(August to October), Winter (November to January) and Spring
(February to April) is distinctly seen in the region. Each season is
being represented by 24 segments, each referring to a particular
hourly interval of the entire season. Historical data collected from
the site are utilized to calculate mean and standard deviation of
solar irradiance and wind speed, and tabulated in Tables 3 and 4
respectively. The data illustrate that wind velocity in winter is usu-
ally very low and may be ineffective for wind power generation. On
the other hand solar radiation is quite consistent throughout the
year in the test region. The location is predominantly characterized
by hot and humid weather. The temperature usually varies
between 12 and 39 �C in a year. Hourly mean temperatures in four
seasons are shown in Fig. 5.

Results and discussion

Proposed planning model has been simulated in MATLAB soft-
ware on Intel (R) Core (TM) 2 Duo processor with 2.0 GB RAM.
The planning period is taken as five years. Newton–Raphson power
flow algorithm is used to evaluate line flow and bus voltage mag-
nitudes which accelerate to calculate objective functions. All the
buses except the substation bus are considered at candidate loca-
tions for RESs and capacitor banks. The maximum number of RESs
and capacitor banks at candidate bus is restricted to three,
although the developed technique can accept any number of RESs
and capacitor units without constraint violation. In fact, maximum
installation capacity at a bus location depends on many factors
such as network configuration, land availability, policy of DISCOs
and social issues. MOPSO algorithm is initialized with 500 particles
and 100 iterations. It is to be noted that consideration of lower
number of particles may not generate enough number of solutions
satisfying constraints at initial stage. However large number of
control parameters in the algorithm suffers with time complexity
problem. Each particle contains location, type and size (number
of units) variables of RESs, and location and size (number of units)
variables of capacitor banks. The maximum voltage limit for the
buses in the network is taken as 1.05 pu. NDy is considered as
360. Chr is presumed to be INR 6.5/kW h. IF and IR have considered
as 5% and 6% respectively. Carbon-di-oxide emission rate of grid [7]
is chosen as 921.25 kg/MW h.

PV array is designed with 600 PV modules which have 132 kW
of installed capacity. Specification of PV module is given in Table 5.
The WT used in this study have maximum capacity of 250 kW and
its power generation pattern depends on the specification
tabulated in Table 6. The cost factors of solar and wind power
generation technologies [35] are furnished in Table 7. Technical
and economic specification of capacitor bank [36] are listed in
Table 8.
s maximum limit: �).

15 16 17 18 19 20 21 . . . 24

! ! ! ! ! ! ! . . . !
! ! � ! ! ! ! . . . !
� � � ! � � ! . . . !
! ! ! ! ! ! ! . . . !
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Kakdwip is situated in the eastern region of India. The 18th
power survey by Central Electricity Authority [37] estimates that
APEL in eastern region of India will be increased from
17,482 MW in 2012–13 to 33,747 MW in 2021–22. So nine years
cumulative load growth was predicted as 93%. The 17th power sur-
vey [38] estimated that compound annual growth rate (CAGR) for
residential, commercial and industrial consumers were 17.7%, 5.5%
and 9.2% respectively in the period of 2003–04 to 2011–12. In the
same time period CAGR for total consumer in the eastern region
was considered as 11.4%. Taking into account the similar ratio of
load growth in specific consumer to total consumer (2003–04 to
2011–12), CAGR for the residential, commercial and industrial con-
sumers in the study period are calculated as 10.4%, 4.2% and 6.4%
respectively.

Optimization results

The set of non-dominated solution generated by MOPSO for
mixed RES–capacitor planning is presented in Table 9. It can be
observed from the results that no unique solution is there which
reflects superiority of all the objectives. So, the best compromised
solution is identified utilizing Fuzzy decision tool from the set of
non-dominated solution. The obtained optimum solution is
marked in Table 9. The location, type and size of RESs, and location
and size of capacitor banks correspond to the best non-dominated
solution are shown in Table 10.

The technical, economical and environmental aspects of opti-
mum RES–capacitor reinforcement is compared with base network
performance scenario in Table 11. It is seen from the table that
considerable economical, technical and environmental advantages
can be achieved with mixed penetration of RESs and capacitor
bank in distribution system. The results indicate that 49.9% lower
power losses, 2.2% better voltage stability condition and 8.1%
improved network security level can be achieved with proposed
planning model. The utility can also make profit of INR
258:7915� 105 from the project and the total saving of carbon-
di-oxide emission in the planning period is 7890 ton.

Efficiency of the distribution system is also investigated
employing lone RESs and lone capacitor bank. The simulation
results obtained for the case of RESs planning and capacitor bank
planning are presented in Tables A1 and A2 respectively in
Appendix. The best non-dominated solution obtained for the
three planning model (i.e. with RES–capacitor, with RESs only
and with capacitor only) are compared in Table 12. The results
indicate that application of capacitor provides moderate techno-
economic prosperity and marginal emission reduction. Although
EI is very high, the profit of utility is calculated as INR
35:1967� 105. As the capacitor penetration creates very little
impact on grid power consumption, carbon-di-oxide emission is
mostly unaffected throughout the year. On the other hand appli-
cation of RESs can result drastic diminution in carbon-di-oxide
emission with considerable profit. The profit of the utility is
calculated as INR 233:5575� 105. However maximum technical,
economic and environmental benefit is obtained for the case of
mix penetration. So, it can be confirmed that application of
RES–capacitor is more effectual over solitary RES and capacitor
reinforcement.

Voltage profile at low voltage points can also be improved sub-
stantially utilizing mixed RES–capacitor planning. Fig. 6 shows that
minimum bus voltage value has been raised at appreciably higher
voltage level. There is also sufficient loading release at the lines
with heavy power flow. The comparative study at different pene-
tration case for the line with maximum burden throughout the
year is shown in Fig. 7.
Effect of load growth

Peak electric demand at the load buses becomes progres-
sively higher due to annual load growth. Fig. 8 illustrates the
modified peak load in the consecutive years considering speci-
fied CAGR. The growing load demand in distribution system
has significant impact on the performance of the distribution
network. The comparative study presented in Table 13 indicates
that network performance would become poor because of load
growth. The analyses depict that load growth causes 29.9%
increased power losses, 0.8% reduction of voltage stability and
12.7% drop in network security situation respectively. Also the
utility have to bear 3665 ton more carbon-di-oxide emission
in five years to meet the increased demand due to load
growth.

Load growth causes lower voltage profile at distribution
buses as observed in Fig. 9. To supply the increased customer
demand power flowing through the distribution lines become
higher as shown in Fig. 10. Importantly line power flow may
exceed their critical loading capacity. After hour to hour inves-
tigation in the total planning horizon it is seen that in the final
year of planning period line-3 violates its line loading limit in
some time segment as given in Table 14. Throughout the winter
season power flow in all lines are found within the safe limit.
However, application of RES and capacitor units in the network
can alleviate power flow in line-3. Thus reliability of power
supply is restored and substantial cost for network upgradation
is saved.
Conclusion

This paper has presented a multi-objective optimization model
for mix penetration of PV array, wind turbine and capacitor bank in
electrical distribution network. MOPSO algorithm is employed to
generate set of potential solutions after considering all possible
trade-offs between technical, economic and environmental objec-
tives. Utilizing fuzzy decision criteria the proposed solution strat-
egy confirms to identify the best non-dominated solution
satisfying bus voltage, RES penetration, capacitor penetration and
line capacity constraints. Optimization result indicates that signif-
icant reduction in pollutant emission and effective improvement in
network power loss, voltage stability and network security condi-
tion can be attained with considerable economic benefit. The detri-
mental effects of load growth can be overcome with combined RES
and capacitor bank allocation in the network. Voltage magnitude of
buses is improved significantly and line loadings are relieved
appreciably after allocation of RESs and capacitor banks. Thus the
sustainability of the network is facilitated. The study also reveals
that mix penetration of RESs and capacitor creates multitude ben-
efit over solitary RESs and capacitor allocation. So, the utility can
supply higher quality and reliable power to the customers with
the proposed RES–capacitor planning approach. Moreover the util-
ity would be benefited with significant cash inflow from the pro-
ject. The work of this paper will be specifically useful to electric
power utilities striving to survive in the competitive electricity
market.



Table A2
Non-dominated solutions obtained for the planning model of distribution system
with capacitor bank.
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Appendix A

See Tables A1 and A2.
The ‘gray shaded’ row represents the best solution in the total solution set.

Table A1
Non-dominated solutions obtained for the planning model of distribution system with
RESs.

The ‘gray shaded’ row represents the best solution in the total solution set.
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