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ABSTRACT Keywords:

Isolated hybrid power systems have emerged as a practical substitute to grid extension for Isolated power system;
electrification of remote areas. Increased penetration of renewable energy sources (RES) such as Reliability;

solar and wind can commendably cut down system operating costs but can create reliability issues Renewable energy sources;
owing to their unpredictable nature. Thus, an effective storage integration is needed in order to Particle swarm optimization;
ensure reliability standards. This paper presents reliability and cost-based sizing of solar-wind- Monte-Carlo simulation;

battery storage system for an Isolated hybrid power system (IHPS). In order to analyze system
reliability, dual reliability indices, Probability of risk and Probability of health have been used in
this work. These reliability indices provide a better assessment of system reliability when RES URL: https://doi.org/10.5278/ijsepm.4599
are being used. The objective function for optimal planning is based on minimization of Total life
cycle cost (TLCC). Considering variable nature of solar and wind sources, modelling of solar
irradiance and wind speed has been done using Beta and Weibull probability density functions
(pdf) respectively. The hardware availability modelling of generators has been done based on
their respective forced outage rates. Monte-Carlo simulation (MCS) has been used for conducting
reliability evaluation. For solving optimal sizing problem, a nature inspired algorithm called as
Particle Swarm Optimization (PSO) has been employed. Sensitivity analyses are performed by
studying the effect of addition/removal of RES-based generators and storage units on system
reliability. In order to assess the additional investment required to improve reliability standards,
anew index termed as Incremental cost of reliability has been used in this paper. A case study has
been carried out for an IHPS located in Jaisalmer, India. The results have been suitably analyzed
to facilitate a deeper insight into system planning.

Introduction In geographically inaccessible areas, the cost of
laying down grid could be excessively high. Isolated
power systems are seen as a workable substitute to grid
extension for providing electricity access in these areas.
For isolated applications, hybrid power system employ-
ing RES-based distributed generators (DGs) can prove
to be an attractive option in comparison with fossil fuel-
based generators. A hybrid power system comprises of
various kinds of energy sources which have specific
features in terms of costs and reliability. A careful anal-
ysis is thus required to have an optimal and reliable

In spite of several policy initiatives taken by countries
across the world, approximately 13% of world’s popula-
tion still has no grid availability [1]. This hampers
socio-economic development in these areas. The power
to rural areas can be supplied in three ways [2]:

e By providing an extension of central grid.

e Using fossil fuel-based generators.

e Using a hybrid power system with renewable

energy sources.
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Nomenclature

DG Distributed generator

ICR Incremental cost of reliability

PDF Probability density function

PVA Photovoltaic Array

RES Renewable energy sources

RSE Risk state expectation

TLCC Total life cycle cost

WTG Wind turbine generator

P(Risk),.. Upper limit for risk state proba-
bility (percent)

P(Health)_. Lower limit for healthy state
probability (percent)

SOC,,,and SOC_  ~ Lower and upper limit for SOC
respectively

Op Jis max Upper limit for power which can
be obtained from battery during
discharging, kW

Op 1 max Upper limit for power which can

be supplied to battery during
charging, kW

Maximum permissible value of
charging and discharging current
respectively, A

B_dis_max and IB?disfmax

system planning. There are two major issues associated
with IHPS based on RES:

i.  Intermittent nature of RES

ii. High capital cost

The first issue can be counteracted with the integra-
tion of storage units in right combination [3]. As far as
the second issue is concerned, the RES have high cap-
ital cost but yield the advantage of very low operating
costs. Due to this reason, economic analysis with RES
is carried out not on the basis of initial capital cost but
TLCC. This requires extensive planning so that opti-
mum combination of units which fetches minimum
cost without compromising on system reliability is
obtained. The focus of work presented in this paper is
the incorporation of these two criteria viz. Reliability
and Economics. The two criteria are conflicting in
nature and call for a judicious compromise for optimal
system planning.

Different reliability indices have been used in system
planning studies. Loss of power supply probability
(LPSP) is the most commonly employed reliability

index and has been widely used [4-6]. Loss of load
probability (LOLP) has also been used for reliability
analysis [7-9]. Expected energy not served (EENS)
[10-12] is another important reliability assessment
parameter and has been used by Khalili et al. In a further
analysis, a sensitivity analysis has been performed to
show the application of demand response program in
reducing unused energy [13]. Though probabilistic indi-
ces have been widely used by researchers, they are
unable to reflect information about capacity reserve
condition. Hence, probabilistic techniques are found to
be inadequate for reliability assessment of isolated
power systems. System Well-Being Criteria comprising
of healthy, risk and marginal system states offers a better
approach for system planning [14]. Paliwal ef al. have
used dual reliability indices for reliability evaluation
with RES integration [15-16]. The authors have further
added a dimension in reliability assessment by introduc-
ing separate indices for grid-connected and islanded
operation [17].

Cost analysis is an integral part of optimal sizing
problem of IHPS. Katsigiannis et al. [18] have used
LCOE as deciding economic criteria for optimal plan-
ning of IHPS. LCOE has also been used by Tariq [19].
Wang and Singh [20] have used Annualized capital cost
(ACC) for economic evaluation of hybrid generation
system comprising of wind turbine generator (WTG)
units, photovoltaic arrays (PVA) and storage batteries.
Annual costs have also been used as economic parame-
ter by Meschede et al. [21]. Techno-economic evalua-
tion has been performed by Candia et al. [22] considering
the variability of renewable generation. TLCC [23] is
also considered as important financial tools to compare
alternative projects.

Lamyae et. al. [24] have worked on finding the most
optimum sizing configuration on the basis of cost of
energy from each constituent generation technology.
Yu et al. [25] have proposed a fuzzification of multiple
objective functions to come up with an optimal solution.
Lozano et al. [26] have used cost of energy as the basis
for selecting optimum hybrid system configuration.
Asserting on the importance of storage units for counter-
acting the intermittency of renewable sources in stand-
alone hybrid systems, Xia et al. [27] have performed a
cost benefit analysis with storage. Storage planning has
also been considered in [5, 28]. Sensitivity analysis is
indispensable for optimal power system planning. It is
imperative to understand the impact of variation of dif-
ferent parameters on system performance and cost.
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Aziz et al. [29] have performed a sensitivity analysis by
varying the parameters such as PV degradation, fuel
pricing and load growth.

1.1. Research gaps
Based on literature survey following conclusions can be
drawn:

i.  Majority of papers reported on optimal sizing
are based on economic evaluation parameters.
However, not much literature is available on
conduction of sensitivity analyses.

ii.  There are few literatures which report sensitivity
analysis. However, they are focused merely on
economic considerations and do not take system
reliability into consideration. Reliability is a
very important parameter when RES are being
considered owing to their variable nature. It has
been asserted that reliability and cost
considerations are conflicting in nature. Thus, it
is essential to know the impact of addition/
removal of RES and storage units on system
reliability and cost.

iii. For reliability assessment, the parameters such
as LOLP, LOLE and EENS have been frequently
used. However, with RES, it is not sufficient to
assess merely the present reliability state. It is
essential to have the knowledge of redundancy
in system.

iv. Many papers have asserted on importance of
energy storage in rendering dispatchability to
RES. However, the integration of storage incurs
additional cost. Thus a careful economic
evaluation in order to justify the economic
viability of RES integration and storage
considering different scenarios is required. This
aspect is missing in majority of papers.

v.  Thereis a strong need to have a single parameter
which can embody reliability and cost evaluation
in one framework. This will facilitate system
planners to have a quick assessment of
additional investment needed to increase system
reliability.

1.2. Contributions and organization

This paper presents reliability and cost-based sizing of
solar-wind-battery storage for an isolated power system.
The prime objective of optimal sizing problem is to
determine configuration of hybrid system comprising of
solar-wind-battery storage with minimum 7LCC

ensuring defined standards of reliability. The major
contributions of work reported in this paper can be sum-
marized as follows:

i. In this paper, in addition to optimal sizing
problem, sensitivity analyses are being
conducted. These analyses can serve to provide
an insight into optimal sizing results with greater
clarity. The sensitivity analyses have been
conducted considering two different cases:

— Case: I Effect of replacement of smaller
units with larger units of same capacity on
system reliability.

— Case: Il Effect of variation of component
sizes around optimal values

The sensitivity analyses serve following purpose:

— Provides an in depth understanding of effect
of variation of component size on technical
(dual reliability indices) and economic
parameters. Thus an optimum hybrid system
configuration which has requisite reliability
standards and is economically justifiable can
be achieved.

— Provides due justification to why a specific
component size has been chosen.

ii.  In order to have an understanding of redundancy
in system, dual reliability indices are being used
in this paper. The indices used are P(Risk)
and P(Health) which provide an enhanced
quantitative assessment of system well-being.

iii. In order to establish a suitable correlation
between reliability and economics, a new index
called as Incremental cost of reliability has been
introduced in this paper.

The stochastic behavior of RES has been accounted for
by modelling solar irradiance through Beta and wind
speed through Weibull probability density function respec-
tively. The reliability evaluation has been performed using
MCS. The system status is investigated for all time slots
and reliability indices are calculated. Optimal sizing of
isolated hybrid power system has been carried out using
Particle Swarm Optimization. A schematic depicting
planning framework is presented in Figure 1.

The organization of paper is as follows: Section 2
deals with the modelling of system components i.e. RES
and battery storage. Section 3 explains reliability evalu-
ation using MCS. Section 4 elaborates formulation of
objective function. The optimization technique i.e. PSO
is also explained here. Section 5 describes case study
wherein optimal sizing and sensitivity analyses are
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Figure 1: Schematic of planning framework

carried out for an isolated solar-wind-battery stor-
age-based hybrid power system located in Jaisalmer,
Rajasthan, India. In Section 6, pertinent conclusions
have been presented.

2. System modelling

The generation of power from solar and wind is hugely
correlated to meteorological conditions such as wind
speed and solar irradiance. In this paper, modelling of
wind speed and solar irradiance is carried out using
Weibull and Beta distributions respectively [4, 14].
Battery model for determining state of charge (SOC)
characteristics and lifetime is based on charge/discharge
operations through battery. Battery charging efficiency
has been determined using a fuzzy logic-based
model [30].

2.1. PV system model

The PV system model is composed of two parts viz.
solar irradiance model and power model which are
explained as follows.

2.1.1. Solar irradiance model

Solar irradiance is regarded as random variable and fol-
lows Beta probability distribution function [4, 14] which
is expressed as:

ey F(a+ﬂ) gl
"’(”‘{r(a)r(m

=0, otherwise

(1-5)"" for Oﬁssl,aZO,ﬂZO}

(1)

where, s = Solar irradiance in kW/m2, f,(s) = Beta
distribution function for s, o, = Parameters of Beta dis-
tribution function, I' = Gamma function.

2.1.2 PV array power model

The characteristic of a PV cell can be obtained for dif-
ferent irradiance levels and temperatures using follow-
ing relations [15, 31]:

N, , —20

To=T s mel )
I=s[I+K,(T.~25)] (3)
V=V KT 4)

Where, T = cell temperature, °C, T, = Ambient tempera-
ture, °C, N, = Nominal operating temperature of cell,
°C, I = PV module short circuit current at conditions
other than Standard test condition (STC), A, K; = Short
circuit current temperature coefficient, A/°c, V = Open
circuit voltage at conditions other than STC, YV,
Kv = Open circuit voltage temperature coefficient, V/°c.
The maximum power from a PV array comprising of N
modules can be calculated as [15, 31]:

Op(s) = N FEVI ®)

Where, FF = Fill factor of PV module

2.2 Wind turbine model
The model of wind turbine comprises of two parts viz.
wind speed model and power model which are explained
in following subsections.

2.2.1 Wind speed model

The two parameter Weibull distribution is most
widely used for modelling wind speed and is given by
[4, 14]:
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(6)

f.(v)= E(XJH GV forv >0,c>1 and k>0
c\c

where, v =Wind speed in m/s, f, (v) = Weibull probabil-

ity density function for wind speed v, k = Shape param-

eter of Weibull distribution, ¢ = Scale parameter of

Weibull distribution.

2.2.2 Wind turbine power model

The electrical power generated from a WTG is a func-
tion of wind speed and design parameters of WTG unit.
The output power from WTG units for wind speed can
be calculated as [4, 14]:

0 Jor0sv<v,, .,
_Ja+ bv™ forV,, <V, 7)
i Boea SOV, oy SV < I/culia//
0 forv > Ve _of

2.3 Battery storage model
The battery models used in this paper are described as
follows.

2.3.1 State of charge model

Battery storage will undergo charging/discharging oper-
ation based on power availability from generators and
loading conditions. Thus, energy availability in battery
and consequently battery SOC of the following time slot
has to be calculated based on charging/discharging
operation occurring in preceding time slot. In present
work, battery SOC model proposed in [32] has been
adopted. The battery SOC for succeeding time slot is
evaluated as:

'3
S0C = soC' | 1-5 |+ Osl(UNs
24 Gy (3

where, SOC™*! = SOC of Battery for (t+1)" time slot,
SOC' = SOC of Battery for ¢ time slot, O'; = charging/

discharging power during 7" time slot, kW, g =
Efficiency of battery charging and discharging in
charging and discharging mode respectively,c = self-
discharge rate of battery, %/day, C, = Rated battery
capacity, kWh, [(t) = Length of # time slot, hours.

2.3.2. Lifetime model

Battery storage forms a crucial component of hybrid
systems comprising of only RES-based generators. The
replacement costs associated with battery storage consti-
tutes a substantial portion of total life cycle costs of a
hybrid system configuration. The lifespan of battery is
described in terms of cycle life and float life. Batteries
in hybrid power systems that include stochastic sources
such as wind and solar undergo a very asymmetrical
pattern of charge and discharge operations. Thus useful
life of battery is constrained with two independent lim-
itations of cycle life and float life. The procedure used in
this work to evaluate battery life is explained as follows:

i.  Calculate number of cycles of battery operation
for period under study at specified depth of
discharge.

ii.  Calculate number of years to end of battery cycle
life.

iii. Number of years to end of battery life after
which battery needs replacement is chosen as the
minimum of battery cycle life and battery float
life.

2.3.3 Fuzzy model for charging efficiency

Battery charging efficiency with respect to a particu-
lar SOC has been calculated using a fuzzy logic-based
model [16, 30]. A fuzzy system can be efficiently
used for approximating charging efficiency. The block
diagram for determination of battery charging effi-
ciency using fuzzy logic controller is presenting in
Figure 2. The implementation has been explained in
detail in [30].

Battery
Battery Charging
socC . Rule . efficiency
—» Fuzzifier ——» »  Defuzzifier 1
Processor
A
Knowledge
database

Figure 2: Implementation of Fuzzy Logic for determination of battery charging efficiency [30]
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Figure 4: Membership function plot for battery charging efficiency [30]

The input variable in fuzzy logic controller is battery Table 1: Inference rules for Fuzzy model
SOC. Based on the value of SOC, fuzzy logic controller Battery SOC Battery efficiency
provides a probable value of charging efficiency. Four Very high Very low
membership functions are formulated for SOC viz. Low, High Low
Medium, High and Very high. Four membership functions Medium Medium

are formulated for charging efficiency viz. Very Low, Low,
Medium and High. The formulation of membership func-
tions is based on experimentation conducted on lead acid
battery [33]. Figure 3 and Figure 4 represent membership
function plots for input and output variable respectively.

In present work, centroid method has been used
owing to its capability to produce a result which is sen-
sitive to all the rules executed. The inference rules used
in the model are presented in Table 1.

Low High

®  Hardware availability modelling of
generating units

Depending on its forced outage rate(FOR),

the probabilities of a generating unit

residing in up/down states are identified as

availability and unavailability respectively

[36]. The operating profile which comprises

of hardware availability status based on

3. Reliability assessment using Monte Carlo FOR can be generated using suitable

simulation probability distribution function. In present
The reliability assessment using MCS [5, 34-35] can be work, up and down states have been
summarized as follows: simulated using exponential distributions.
i.  The period under study is divided into number of ®  Modelling of wind speed and solar
time slots. irradiance
ii.  For each time slot under study, generating units, As explained in Section 2.1.1 and 2.2.1,
RES and load are modelled as follows: solar irradiance and wind speed data is

114 International Journal of Sustainable Energy Planning and Management Vol. 29 2020



Priyanka Paliwal

synthetically generated from Beta and
Weibull pdfs respectively.
®  Load modelling

The MCS requires sequential load data
which is obtained in the similar way as for
RES modelling i.e. by using suitable pdfs
or by employing time series method [37].
However, in present work, it is assumed
that load remains constant for a particular
time slot and step change is assumed from
one-time slot to another.

iii. For each time slot, the output from generating
units is determined based on their hardware
availability status and wind speed/solar
irradiance.

iv. The power output from generating units as
calculated in previous step is compared with the
load of respective time slot.

v. The power flow through battery is evaluated.
If output power from generating units is surplus,
the battery enters charging mode. Based on the
present SOC of battery, the battery charging
efficiency is determined based on Fuzzy logic
based model explained in Section 2.3.3. However,
in case of any deficiency from generating units,
battery goes into discharging mode. The charge/
discharge operation of battery is restricted by
limits of battery SOC and charging/discharging
current flowing through the battery. Depending
upon charge/discharge operation of battery in
considered time slot, the energy availability
status of battery for successive time slot is
evaluated.

vi.  The system state is then examined with respect
to dual reliability indices i.e. Probability of risk
state, P(Risk)and Probability of health state,
P(Health). The calculation of these indices had
been explained in [16].

vii. Steps iii-vi are repeated chronologically for all
time slots.

viii. The simulation is repeated for N years based on
defined accuracy standards.

The steps involved in MCS are illustrated in Figure 5.

4. Optimal sizing problem formulation

The optimal sizing of hybrid system components is per-
formed based on objective function and constraints as
explained in subsequent subsections.

4.1 Objective function

The objective is to minimize TLCC which are the costs
incurred through ownership of a project over project’s
lifespan. The objective function is expressed as follows:

Minimize TLCC
)
wherein, TLCC = Present worth of total costs of incurred
during project lifespan, $.
The expression for TLCC can be written as:

TLCC=CC+OM+RC+0OC,-SV (10)

where, CC= Capital cost in $, OM, RC, oc, SV =
Present worth of O&M cost, replacement cost, utility
outage cost and salvage value respectively in $. The
different cost components associated in determination of
TLCC along with the assumptions made are computed
as explained in [16].

4.2 Constraints
The various constraints used in optimal sizing problem
are as follows:

4.2.1 Dual reliability constraint

In this paper, system well-being criterion has been
applied using dual reliability constraints [16]. The prob-
abilistic indices such as LOLP, LOLE are unable to
reflect information about capacity reserve condition.
System well-being criterion provides information
regarding reserve margin available in the system [14].
Hence it serves as a more appropriate method of assess-
ing system reliability particularly for system comprising
of RES based-DGs. Assessment of system well-being is
incorporated by imposing dual reliability constraint as
follows [16]:

P(Risk)< P(Risk),,, (11)
P(Health)> P(Health) . (12)

The reliability indices are evaluated using MCS as
explained in Section 3.

4.2.2 System components sizing constraint
The number of PV, WTG and battery units is subjected
to following constraints:

Npy =Npy=Npy (13)
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Figure 5: Monte Carlo simulation for reliability evaluation
N < Nurr< N where, SOC, . and SOC, = Lower and upper limit for
WT = WT =2WT (14)  SOC respectively, O, _dis_max = Upper limit for power
N < Na<N which can be obtained from battery during discharging,
B ,=""B=""B .. (15) kW, O, _ch_max =Upper limit for power which can be

where, Npy  and Npy, = Lower and Upper
bounds of PV array units respectively, NWTGumin @0d
NWTGmax = Lower and Upper limits of WTG units
respectively, Ng_. and Ng = Lower and Upper limits
of battery storage units respectively.

4.2.3 Constraint on battery parameters
SOC of battery is to be restricted within minimum and
maximum values as specified by the manufacturer.

§S0C,,;,<S0C<S80C, . (16)
Oy _dis max < 0p,< 0, ch _max (17)
I, dis_max <I,<I[, ch _max (18)

supplied to battery during charging, kW, I, _dis_max
a n d
I, _ch_max =Maximum permissible value of charging
and discharging current respectively, A.

4.3 Optimization technique
The optimal sizing of hybrid system is carried out using
Particle Swarm Optimization. PSO offers a variety of
advantages over other techniques [31, 38—40]. In order
to improve computational efficiency of PSO, it has been
suitably modified by author in their previous work [16]
and has been used in this paper. Readers are encouraged
to refer to [16] for a more detailed discussion on imple-
mentation of modified PSO. The flowchart for imple-
mentation of PSO is presented in Figure 6.
Implementation of PSO algorithm can be explained in
following steps:
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position

Initialize particles with random velocity and

Do for all particles

Fitness function evaluation for particle’s position(p):-
> Objective function: Evaluation of TLCC[ Eq.(10)]
subjected to constraints [Eq. (11)-Eq.(18)]

Evaluation of
system reliability
through MCS

(Fig.4)

v

If fitness(p) better than fitness(pbest)
then pbest=p

!

Set best of pbest as gbest

|

Update velocity and position
[Eq. (19)-Eq.(22)]

reached?

Is termination criteria

Optimal solution=gbest

Figure 6: Implementation of PSO

Step 1: Evaluate the fitness of each particle based on
objective function i.e. TLCC (explained in Section 4.1).

The decision variables are N, Ny, and Np.

Step 2: Update pbest value for each particle and gbest
value of whole swarm.

Step 3: Based on Step 2, update the velocity and posi-
tion of each particle is. The updation of particle’s veloc-
ity and position are carried out using adaptive PSO
model [16] as follows:

v (t+1)=x[v, () + C.p.(pbest, (1) — x, (1))  (19)
+C,.,.(gbest, (1) — x,,(1))]
X (1) = x,(1) + v, (t+1) (20)
x= 2 (21)
4-p- \/m
0=C\+C, (22)

where, v,, «,, pbest, and gbest,represent velocity, position,
personal best and global best respectively of @ dimen-
sion of i" particle, ¢, and ¢, are uniformly distributed
random numbers in the interval [0, 1],  is the constric-
tion factor, ¢, and ¢, are acceleration coefficients.

5. Results and discussion

For optimal sizing study, IHPS located in Jaisalmer,
Rajasthan, India has been considered. The peak load has
been considered to be 70 kW and the category of con-
sumers is residential. The chronological load data has
been obtained from [41]. The data for solar irradiance
and ambient temperature for site has been taken from
[42] and wind speed data has been obtained from [43].
All the technical and economic parameters considered in
the analysis have been obtained from [16]. The study
period is one year.

The optimal sizing problem is solved using Particle
Swarm Optimization. The component sizes are deter-
mined with respect to following reliability standards:

P(Risk),, =0.2%, P(Health), , =95%

A system is assumed to reside in healthy state if the
battery has enough capacity to supply the peak load for
5 continuous hours. The results of optimal sizing prob-
lem for hybrid PV-wind-storage system are given in
Table 2. Figure 7 presents the convergence characteris-
tics of PSO.
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Table 3 shows dual reliability indices calculated through

MCS (3000 simulations each with 5 different seeds) for
optimal component sizes presented in Table 2. It is evident
from Table 3 that dual reliability indices comply with the
specified values of P(Risk) . and P(Health)_, .
Figure 8 shows average solar power output obtained
through MCS for considered hybrid system configu-
ration over a span of 24 hours for the first day of
January.

Similarly, Figure 9 and Figure 10 show average
output power from WTG units and load profile respec-
tively for the same time slot. The solar radiation and
wind speed data have been generated synthetically from
Beta, given by Eq. (1), and Weibull, given by Eq. (6),
density functions, respectively.

As it is apparent from Figure 8, solar power output
is available only for a fraction of a day. Figure 9 sug-
gests that although wind power output is available
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Figure 7: Convergence characteristics of PSO

Table 2: Optimal system configuration

Table 3: Reliability indices for optimal system configuration

Component Number of units Size/unit Reliability index Value
Npy 3 30 kW P(Risk) (%) 0.17
Ny 12 20 kW P(Health) (%) 99.64
Ny 17 26.4 kWh
O FEF T
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Figure 8: Average solar power output over 24 hours for first day of January
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throughout the period of 24 hours, the availability is
highly intermittent. Thus, in order to maintain supply
reliability, integration of storage is essential. This is
further reflected in Figure 11 which shows the output
power supplied by battery storage units.

For emphasizing the importance of storage system,
the sharing of power between PV array, WTG units and
battery storage for a day is shown in Figure 12. Figure
12 clearly suggests the positive impact of storage system
on system reliability. During the non availability of sun,
storage system share the load along with WTG units.
This smoothens out the effects of intermittency of wind
sources. On the other hand, when the sunshine is avail-
able, storage systems charge themselves to facilitate
system reliability. Table 4 shows the contribution of PV,
WTG and storage system in meeting the load demand
over the entire year. It is apparent from Table 4 that
system reliability will deteriorate significantly in the
absence of battery storage.

The system planning incorporating RES is compli-
cated due to unpredictable nature of these sources. Thus
sensitivity analyses must be carried out in order to assist
system planners in coming up with an optimum system
planning. Thus, in the present work, two types of sensi-
tivity studies have been carried out:

Table 4: Contribution of energy sources

Source Percentage of energy supplied
PV 37.8057
WTG 47.8238
Battery storage 14.2993

Percentage of unserved energy = 0.0711

Case:1 Effect of replacement of smaller units with
larger units of same capacity on system reliability.

The effect of considering PV and WTG units of larger
ratings but same total capacity on system adequacy is
given in Table 5. The twelve 20 kW WTG units are
replaced by two 120 kW WTG units and three 30 kW
PV arrays are replaced by one 90 kW PV array.

Replacement of multiple small units with fewer large
units of equivalent capacity should have had a consider-
able impact on system reliability since the outage of a
single large unit can lead to significant loss of generating
capacity resulting in huge energy deficit. However the
results as reported in Table 5 suggest that replacing
small units by equivalent large capacity unit leads to
only marginal deterioration in reliability. This is
attributed to the reason that stochastic nature of RES
overpower the effect of forced outage rate. The effect
would have been more pronounced with conventional
generating units.

Case:II Effect of variation of component sizes around
optimal values (presented in Table 2) on system reliability.

With the aim of studying the impact of addition/
removal of RES and storage on system reliability with
respect to optimal system configuration presented in
Table 2, following different scenarios have been studied:

Scenariol: WTG and storage capacity is assumed
constant at the base level and PV capacity is varied.

Table 5: Reliability indices considering units of large rating

Reliability index Value
P(Risk) (%) 0.19
P(Health) (%) 97.31
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Figure 12: Contribution of sources for supplying load over 24 hours for first day of January
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Scenario 2: PV and storage capacity is assumed con-
stant at the base level and WTG capacity is varied.

Scenario 3: PV and WTG capacity is assumed con-
stant at the base level and storage capacity is varied.

Figure 13(a)-Figure 13(c) show the impact of capac-
ity variation of different sources on reliability of IHPS.
Risk state expectation (RSE) indicates the total number
of hours during the study period for which the genera-
tion is inadequate to supply the load indicating the ‘risk
state’ [36]. So for every time segment (each time seg-
ment has length of one hour), RSE is evaluated by deter-
mining whether total available power from all the
sources and storage (if present) is adequate to supply the

load. All those hours for which the source adequacy is
not met are summed up to get RSE during the study
period. As specified earlier, the study period is one year.
As can be seen from Figure 13, the incremental benefits
obtained in system reliability by capacity addition
through different RES and storage systems are not of the
same degree. This is quite unlike the conventional diesel
generator units where capacity addition results in pro-
portional increase in reliability. From Figure 13(c), it
can be seen that addition or removal of storage units
results in almost linear variation in system reliability.
However, same is not the case with PV arrays and WTG
units. The capacity addition of PV arrays or WTG units
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Figure 13(a)-(c): Impact of unit addition/removal on system reliability
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improves the system reliability only up to a certain level.
Beyond that, further capacity addition does not yield a
significant improvement in reliability suggesting the
saturation to capacity addition. This can be a very
important consideration in system planning indicating
that a suitable mix of RES along with storage system has
to be determined in order to achieve appreciable improve-
ment in reliability.

Figure 14 shows a comparison of impact of different
sources on RSE. It can be observed from Figure 14 that
reduction in PV capacity affects the system reliability
considerably, followed by WTG and storage. This can be
chiefly attributed to the fact that solar power although
available only during sunshine hours is more reliable
and predictable in comparison with highly intermittent
and unpredictable wind power.

This can also be observed from average solar and
wind output profile over 24 hours presented in Figure 8
and Figure 9 respectively. Storage capacity reduction
does affect system reliability, however at a lesser degree
in comparison with the generators. This is due to the
reason that storage is merely a buffer and can aid system
reliability only in presence of adequate generation. If
generation is insufficient, it is not only incapable of
meeting the load demand but also there is not enough
power to charge the battery storage. Thus, storage units
might not get adequately charged to provide required
backup when desired. Thus, storage capacity has to be
adequately planned in conjunction with generating units
in order to ensure optimum reliability standards.

In order to give an insight into economic viability of
capacity addition from the perspective of reliability,
incremental cost of reliability has been calculated for
different sources. Incremental cost of reliability is the
cost required to be paid in order to improve reliability by
a certain degree. In the present work, Incremental Cost
of Reliability(ICR) has been calculated as:

ICR = Additional investment required over project lifespan

(23)

Reduction in RSE over project lifespan

Table 6 presents incremental cost of reliability for
considered sources for different capacity additions.
The analysis has been done by providing capacity addi-
tions above the optimal values(presented in Table 1).

It can be observed that there is a substantial differ-
ence between ICR of different sources. The capcity
addition of PV arrays has highest ICR owing to its
highly capital intensive structure. WTG units can offer a
cost effective solution by providing lower ICR. Storage
units provide lowest ICR. However, they have to be judi-
ciously planned in combination with capacity of genera-
tors as discussed earlier.

A peculiar feature which can be observed from Table
6 is that ICR increases with capacity addition of PV
arrays and WTG units. This is due to the fact that as the
generator capacity increases, the improvement in reli-
ability is not of the same degree. This is a characteristic
very typical to RES-based sources. If solar irradiance/
wind is not available, the load demand cannot be met no
matter how large the generating capacity is. Thus, with
capacity addition, although the cost increases linearly,
there is not a proportionate increase in reliability. This
leads to high ICR.

The ICR with storage unit addition shows an irregular
pattern. As evident from Table 6, it increases with capac-
ity addition up to two units and shows a decrement
thereafter. This can be explained as follows:

Table 6: Incremental cost of reliability($/Sec)

Unit Addition Source I unit II unit III Unit
PV 7.841 16.324 41.55
WTG 2.112 4.247 4.35
Battery storage 1.312 2.32 1.08
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Figure 14: Comparison of impact of different sources on RSE
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While calculating ICR, TLCC has been used. TLCC
incorporates the replacement costs of battery units
during project lifespan. With increase in storage capac-
ity, the number of charge/discharge operations of battery
storage decreases. This leads to increase in battery life
thereby minimizing the replacement costs. The decrease
in replacements costs leads to reduction in TLCC and
hence ICR reduces.

6. Conclusion

This paper presents planning formulation for isolated
hybrid system incorporating RES-based DGs and stor-
age. Dual reliability indices, P(Risk) and P(Health) have
been used to ensure optimum system planning with req-
uisite reliability standards. A case study has been carried
out for a site located in India. A realistic analysis is
being provided by considering meteorological parame-
ters of site under consideration. The reliability con-
strained optimization problem based on minimization of
TLCC has been solved using PSO. The main focus of
this work is to conduct sensitivity analyses to enable a
thorough understanding of planning. Two types of anal-
yses have been conducted: (i) Analysis when smaller
units are being replaced by larger units of same capacity
(ii) Analysis with component sizes varied around their
optimal values.

The first analysis provides a very useful insight which
is particularly of importance when instead of conven-
tional generators, RES-based generators are being used.
The results indicate that contrary to belief, when units of
lesser capacity of RES are being replaced by fewer large
units, there is no significant degradation in system reli-
ability. This is accredited to variable nature of RES. This
information can facilitate better economic planning as
deployment of fewer larger units can prove to be a more
economical option.

The second analysis can be utilized to have an under-
standing of impact of addition/removal of PV, wind and
battery units. In the present case study, it can be seen that
PV unit has maximum impact on system reliability, fol-
lowed by wind and battery storage units.

Further, in this paper a new index termed as
Incremental cost of reliability has been introduced. The
results suggest that PV present highest ICR followed
by wind and storage. Case II of sensitivity analysis and
ICR should be used in conjunction to determine the
optimum component addition while balancing reliabil-
ity and cost.

Maintaining system reliability in presence of RES is
a major issue in system planning. The optimal sizing
model and sensitivity analyses presented in this paper
can provide a useful tool for efficient system planning
with enhanced reliability standards and optimum cost.
Nevertheless, the analysis presented in this paper can be
further extended in following research areas:

i.  Incorporation of various government schemes

and incentives in economic evaluation.
ii.  Use of more sophisticated load models.
iii. Analysis with priority customers.

Acknowledgement

This paper belongs to an IJSEPM special issue on
Sustainable Development using Renewable Energy
Systems[44].”

References

[1] Ritchie H, Roser M., Access to Energy, Published online at Our
WorldInData.org  (2020). 'https://

ourworldindata.org/energy-access' [Online Resource]

Retrieved  from:

[2] Georgilakis PS, Katsigiannis YA, Reliability and economic
evaluation of small isolated power systems containing only
renewable energy sources, Renewable Energy, 34(1), (2009)
pages 65-70. https://doi.org/10.1016/j.renene.2008.03.004

[3] Sarkar D, Odyuo Y, An ab initio issues on renewable energy
system integration to grid, International Journal of Sustainable
Energy Planning and Management 23 (2019) pages 27-38.
https://doi.org/10.5278/ijsepm.2802

[4] MaG,XuG,ChenY,JuR, Multi-objective optimal configuration
method for a standalone wind—solar—battery hybrid power
system, IET Renewable Power Generation 11(1) (2017) pages
194-202. http://dx.doi.org/10.1049/iet-rpg.2016.0646

[5] ZhangY, Wang J, Berizzi A, Cao X, Life cycle planning of battery
energy storage system in off-grid wind—solar—diesel microgrid,
IET Generation Transmission Distribution 12(20) (2018) pages
4451-4461. http://dx.doi.org/10.1049/iet-gtd.2018.5521

[6] Yang D, Jiang C, Cai G, Huang N, Optimal sizing of a wind/
solar/battery/diesel hybrid microgrid based on typical scenarios
considering meteorological variability, IET Renewable Power
Generation 13(9) (2019) pages 1446-1455. http://dx.doi.
org/10.1049/iet-rpg.2018.5944

[7] Matthew C, Amin M, Mohammed HH, Rahmat K, Optimal
sizing of an AC-coupled hybrid power system considering
incentive-based demand response, IET Generation, Transmission
& Distribution 13(15) (2019) pages 3354-3361. http://dx.doi.
org/10.1049/iet-gtd.2018.7055

International Journal of Sustainable Energy Planning and Management Vol. 29 2020 123


http://OurWorldInData.org
http://OurWorldInData.org
https://ourworldindata.org/energy
https://ourworldindata.org/energy
https://doi.org/10.1016/j.renene.2008.03.004
https://doi.org/10.5278/ijsepm.2802
http://dx.doi.org/10.1049/iet-rpg.2016.0646
http://dx.doi.org/10.1049/iet-gtd.2018.5521
http://dx.doi.org/10.1049/iet-rpg.2018.5944
http://dx.doi.org/10.1049/iet-rpg.2018.5944
http://dx.doi.org/10.1049/iet-gtd.2018.7055
http://dx.doi.org/10.1049/iet-gtd.2018.7055

(8]

(9]

(10]

(11]

(12]

[13]

[14]

[15]

[16]

(17]

124

Reliability constrained planning and sensitivity analysis for solar-wind-battery based isolated power system

Bakhtiari H, Naghizadeh RA, Multi-criteria optimal sizing of
hybrid renewable energy systems including wind, photovoltaic,
battery, and hydrogen storage with e-constraint method, IET
Renewable Power Generation 12(8) (2018) pages 883-892.
https://doi.org/10.1049/iet-rpg.2017.0706

Ramli MAM, Bouchekara, HREH, Alghamdi AS, Optimal
sizing of PV/wind/diesel hybrid microgrid system using multi-
objective self-adaptive differential evolution algorithm,
Renewable Energy 121 (2018) pages 400—411. https://doi.
org/10.1016/j.renene.2018.01.058

Khalili T, Hagh MT, Zadeh SG, Maleki S, Optimal reliable and
resilient construction of dynamic self-adequate multi-
microgrids under large-scale events, IET Renewable Power
Generation 13(10) (2019) pages 1750-1760. http://dx.doi.
org/10.1049/iet-rpg.2018.6222

Jafari A, Khalili T, Ganjehlou HG, Bidram A, Optimal
integration of renewable energy sources, diesel generators, and
demand response program from pollution, financial, and
reliability viewpoints: A multi-objective approach, Journal of
Cleaner Production 247, (2020) 119100. https://doi.
org/10.1016/j.jclepro.2019.119100

Jafari A, Ganjehlou HG, Khalili T, Bidram A, A fair electricity
market strategy for energy management and reliability
enhancement of islanded multi-microgrids, Applied Energy
270 (2020) 115170. https://doi.org/10.1016/j.
apenergy.2020.115170

Khalili T, Nojavan S, Zare K, Optimal performance of microgrid
in the presence of demand response exchange: A stochastic
multi-objective model, Computers & Electrical Engineering 74
(2019) pages 429-450. https://doi.org/10.1016/j.compeleceng.
2019.01.027

Khatod DK, Pant V, Sharma J, Analytical approach for well-
being assessment of small isolated power systems with solar
and wind energy sources, IEEE Trans. Energy Convers 25(2)
(2010) pages 535-545. https://doi.org/10.1109/TEC.2009.
2033881

Paliwal P, Patidar NP, Nema RK, A novel method for reliability
assessment of autonomous PV-wind-storage system using
probabilistic storage model, International Journal of Electrical
Power & Energy Systems 55 2014 pages 692—703. https://doi.
org/10.1016/j.ijepes.2013.10.010

Paliwal P, Patidar NP, Nema RK, Determination of reliability
constrained optimal resource mix for an autonomous hybrid
power system using Particle Swarm Optimization, Renewable
Energy 63 (2014) pages 194-204. https://doi.org/10.1016/.
renene.2013.09.003

Paliwal P, Patidar NP, Nema RK, Probabilistic indices for
analyzing the impact of DER penetration on system reliability,

(18]

[19]

(20]

[21]

(22]

(23]

[24]

[25]

[26]

IET Renewable Power Generation 14(12) (2020) pages
2154-2165. https://doi.org/1049/iet-rpg.2019.1214

YA, Georgilakis PS, ES,
Multiobjective genetic algorithm solution to the optimum

Katsigiannis Karapidakis
economic and environmental performance problem of small
isolated hybrid power systems with renewables, [IET Renewable
Power Generation 4(5) (2010) pages 404-419. http://dx.doi.
org/10.1049/iet-rpg.2009.0076

Tariq J, Energy Management using storage to facilitate high
shares of Variable Renewable Energy, International Journal of
Sustainable Energy Planning and Management 25 (2020) pages
61-76. https://doi.org/10.5278/ijsepm.3453

Wang L, Singh C, Multicriteria design of hybrid power
generation systems based on a modified particle swarm
optimization algorithm, IEEE Transactions on Energy
Conversion 24(1) (2009) pages 163-172. https://doi.
org/10.1109/TEC.2008.2005280

Meschede H, Hesselbach J, Michael C, On the impact of
probabilistic weather data on the economic design of renewable
energy systems — a case study on La Gomera islands, International
Journal of Sustainable Energy Planning and Management 23
(2019) pages 15-26. https://doi.org/10.5278/ijsepm.3142
Candia RAR, Ramos JAA, Subieta SLB, Balderrama JGP,
Miquélez VS, Florero HJ, Quoilin S, Techno-economic
assessment of high variable renewable energy penetration in the
Bolivian interconnected electric system, International Journal
of Sustainable Energy Planning and Management 22 (2019)
pages 17-38. https://doi.org/10.5278/ijsepm.2659

Saberi M , Ahmadi SA, Ardakani FJ, Riahy GH, Optimal
sizing of hybrid PV and wind energy system with backup of
redox flow battery to postpone grid expansion investments,
Journal of Renewable and Sustainable Energy 10 (2018)
055903. https://doi.org/10.1063/1.5041448

Lamyae M, Ghazi M, Aaroud A, Boulmalf M, Benhaddou D,
Zine-Dine K, Design and energy management optimization for
hybrid renewable energy system- case study: Laayoune region,
Renewable Energy 139 (2019) pages 621-634. https://doi.
org/10.1016/j.renene.2019.02.066

Yu S, Zhou S, Zheng S, Li Z, Liu L, Developing an optimal
renewable electricity generation mix for China using a fuzzy
multi-objective approach, Renewable Energy 139 (2019) pages
1086-1098. https://doi.org/10.1016/j.renene.2019.03.011
Lozano L, Querikiol EM, Abundo MLS, Bellotindos LM,
Techno-economic analysis of a cost-effective power generation
system for off-grid island communities: A case study of
Gilutongan Island, Cordova, Cebu, Philippines, Renewable
Energy 140 (2019) pages 905-911. https://doi.org/10.1016/].
renene.2019.03.124

International Journal of Sustainable Energy Planning and Management Vol. 29 2020


https://doi.org/10.1049/iet-rpg.2017.0706
https://doi.org/10.1016/j.renene.2018.01.058
https://doi.org/10.1016/j.renene.2018.01.058
http://dx.doi.org/10.1049/iet-rpg.2018.6222
http://dx.doi.org/10.1049/iet-rpg.2018.6222
https://doi.org/10.1016/j.jclepro.2019.119100
https://doi.org/10.1016/j.jclepro.2019.119100
https://doi.org/10.1016/j.apenergy.2020.115170
https://doi.org/10.1016/j.apenergy.2020.115170
https://doi.org/10.1016/j.compeleceng.2019.01.027
https://doi.org/10.1016/j.compeleceng.2019.01.027
https://doi.org/10.1109/TEC.2009.2033881
https://doi.org/10.1109/TEC.2009.2033881
https://doi.org/10.1016/j.ijepes.2013.10.010
https://doi.org/10.1016/j.ijepes.2013.10.010
https://doi.org/10.1016/j.renene.2013.09.003
https://doi.org/10.1016/j.renene.2013.09.003
https://doi.org/1049/iet-rpg.2019.1214
http://dx.doi.org/10.1049/iet-rpg.2009.0076
http://dx.doi.org/10.1049/iet-rpg.2009.0076
https://doi.org/10.5278/ijsepm.3453
https://doi.org/10.1109/TEC.2008.2005280
https://doi.org/10.1109/TEC.2008.2005280
https://doi.org/10.5278/ijsepm.3142
https://doi.org/10.5278/ijsepm.2659
https://doi.org/10.1063/1.5041448
https://doi.org/10.1016/j.renene.2019.02.066
https://doi.org/10.1016/j.renene.2019.02.066
https://doi.org/10.1016/j.renene.2019.03.011
https://doi.org/10.1016/j.renene.2019.03.124
https://doi.org/10.1016/j.renene.2019.03.124

Priyanka Paliwal

(27]

(28]

(29]

(30]

(31]

(32]

(33]

[34]

International Journal of Sustainable Energy Planning and Management Vol. 29 2020

Xia S, Chan KW, Luo X, Bu S, Ding Z, Zhou B, Optimal sizing
of energy storage system and its cost-benefit analysis for power
grid planning with intermittent wind generation, Renewable
Energy 122 (2018) pages 472-486. https://doi.org/10.1016/].
renene.2018.02.010

Sedghi M, Ahmadian A, Aliakbar-Golkar M, Optimal Storage
Planning in Active Distribution Network Considering
Uncertainty of Wind Power Distributed Generation, EEE
Transactions on Power Systems 31(1) (2016) pages 304-316.
https://doi.org/10.1109/TPWRS.2015.2404533

Aziz AS, Tajuddin MFN, Adzman MRA, Makbul AM Ramli,
Optimization and sensitivity analysis of standalone hybrid
energy systems for rural electrification: A case study of Iraq,
Renewable Energy 138 (2019) pages 775-792. https://doi.
org/10.1016/j.renene.2019.02.004

Paliwal P, Patidar NP, Nema RK, Fuzzy logic based model for
determination of battery state of charge applied to hybrid power
system, Journal of World Academy of Engineering Science
Technology 71 (2012) pages 1164-8.

Upadhyay S, Sharma MP, Development of hybrid energy
system with cycle charging strategy using particle swarm
optimization for a remote area in India, Renewable Energy 77
(2015) pages 586-98. https://doi.org/10.1016/j.renene.
2014.12.051

Diaf S, Diaf D, Belhamel M, Haddadi M, Louche A, A
methodology for optimal sizing of isolated hybrid PV/wind
system, Energy Policy 35(11) (2007) pages 5708-18. https://
doi.org/10.1016/j.enpol.2007.06.020

Stevens JW, Corey GP, A study of lead-acid battery efficiency
near top-of-charge and the impact on PV system design, 25th
IEEE Photovoltaic Specialists Conference, (1996) pages
1485-1488. https://doi.org/10.1109/PVSC.1996.564417
Zheng Y, Jenkins BM, Kornbluth K, Traholt C, Optimization
under uncertainty of a biomass-integrated renewable energy
microgrid with energy storage, Renewable Energy 123 (2018)
pages 204—17. https://doi.org/10.1016/j.renene.2018.01.120

[35]

(36]

(37]

[38]

(39]

[40]

[41]

[42]

[43]

[44]

Haddadian H, Noroozian R, Optimal operation of active
distribution systems based on microgrid structure, Renewable
Energy 104 (2017) pages 197-210. https://doi.org/10.1016/].
renene.2016.12.018

Billinton R, Allan RN, Reliability evaluation of power systems,
2nd Edition Plenum Press (1996) NY.

Desrochers G, Blanchard M, Sud S, A Monte-Carlo simulation
method for the economic assessment of the contribution of
wind energy to power systems, IEEE Transactions on Energy
Conversion, 1(4) (1986) pages 50-56. https://doi.org/10.1109/
TEC.1986.4765774

Paliwal P, Patidar NP, Nema RK, Planning of grid integrated
distributed generators: A review of technology, objectives and
techniques, Renewable and Sustainable Energy Reviews 40
(2014) pages 557-570. https://doi.org/10.1016/j.rser.2014.
07.200

Paliwal P, Patidar NP, Nema RK, A comprehensive survey of
optimization techniques used for distributed generator siting
and sizing, Proceedings of IEEE Southeastcon (2012) pages
1-7. https://doi.org/10.1109/SECon.2012.6196992

Jafari, A, Khalili, T, Babaei E, Bidram A, A Hybrid Optimization
Technique Using Exchange Market and Genetic Algorithms.
IEEE Access (2020) 8 pages 2417-2427, https://doi.
org/10.1109/ACCESS.2019.2962153

Reliability test system task force of the application of probability
methods subcommittee, The IEEE reliability test system-1996,
IEEE Transactions on Power System 14(3) (1999) pages
1010-1020.

Solar Radiant Energy over India, India Meteorological
Department, Ministry of Earth Sciences (2009).

Mani A, Wind Energy Resource Survey in India-II, Allied
Publishers Limited (1992).

@stergaard, P.A.; Johannsen, R.M.; Duic, N. Sustainable
Development using Renewable Energy Systems. Int. J. Sustain.
Energy Plan. Manag. 2020, 29, http://doi.org/10.5278/
ijsepm.4302.

125


https://doi.org/10.1016/j.renene.2018.02.010
https://doi.org/10.1016/j.renene.2018.02.010
https://doi.org/10.1109/TPWRS.2015.2404533
https://doi.org/10.1016/j.renene.2019.02.004
https://doi.org/10.1016/j.renene.2019.02.004
https://doi.org/10.1016/j.renene.2014.12.051
https://doi.org/10.1016/j.renene.2014.12.051
https://doi.org/10.1016/j.enpol.2007.06.020
https://doi.org/10.1016/j.enpol.2007.06.020
https://doi.org/10.1109/PVSC.1996.564417
https://doi.org/10.1016/j.renene.2018.01.120
https://doi.org/10.1016/j.renene.2016.12.018
https://doi.org/10.1016/j.renene.2016.12.018
https://doi.org/10.1109/TEC.1986.4765774
https://doi.org/10.1109/TEC.1986.4765774
https://doi.org/10.1016/j.rser.2014.07.200
https://doi.org/10.1016/j.rser.2014.07.200
https://doi.org/10.1109/SECon.2012.6196992
https://doi.org/10.1109/ACCESS.2019.2962153
https://doi.org/10.1109/ACCESS.2019.2962153
http://doi.org/10.5278/ijsepm.4302.
http://doi.org/10.5278/ijsepm.4302.




