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The demand for hybrid renewable energy systems (HRES) is growing nowadays for serving different
types of loads. PV and Wind energy resources are complementary. HRES using PV and wind energy sources
may increase system reliability for serving a load throughout a year. This paper analyses the cost, feasibil-
ity, and reliability of two types of HRES using HOMER software for Haldia, namely, PV/Wind/Battery and
PV/Wind/Supercapacitor. These systems are cost-optimized using the net present cost (NPC) of the system
and cost of the energy (COE) of the system. The solar radiation, wind speed, the temperature of the site,
hourly load, and unit cost of the components of the HRES are given input to the HOMER software. The fea-
sibility of the system is studied for the lowest cost of energy (COE) with different ratios of electricity produc-
tion from PV and wind energy systems. The reliability of the system is measured in terms of the percentage
of the unmet load. It is found that 80:20 and 73:27 share of PV and wind energy production is optimum for
PV/Wind/Battery and PV/Wind/ Supercapacitor system respectively for the climatic conditions of Haldia, In-
dia. The technical parameter sensitivity and cost sensitivity analysis and the energy management of the
system are also reported in this paper. The study revealed that the HRES using supercapacitor can deliver
peak load, during the day and night, as compared to a battery. It also depicts that supercapacitor can charge
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very fast with low values of available solar or wind energy than that of the battery.
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1. INTRODUCTION

Investigation on different types of 100 % hybrid re-
newable energy systems have been done for remote area
power generation and household applications [1, 2].
Renewable energies are intermittent, especially, solar
and wind energy. To overcome the intermittency of the
individual energy sources, hybrid energy generations are
considered. Wind and solar energy systems are more
popular hybrid energy generation due to their daily and
seasonal complementary nature. In India, solar energy is
available for 300 days whereas wind energy is available
mainly in coastal regions and during the period from
April to September. Hybrid energy utilization may be
feasible in small-scale energy production. Many studies
have been done on hybrid energy systems. 6 kW Solar
PV and wind hybrid system feasibility analysis is stud-
ied using RET-Screen and HOMER software for house-
hold applications, 11.27 kWh/day demand with peak
power demand of 2.39 kW, in Northern Cyprus. It aims
to fulfill the monthly demand and to sell and store the
excess generated power [3]. The effects of PV panel siz-
ing, wind turbine sizing, and battery bank capacity have
been studied for a standalone PV/wind/battery system
for a remote island using HOMER software [4]. The
results conclude that 84 % and 16 % of PV array and
wind turbine share the power generation respectively.
PV/wind renewable energy systems are also tested with
different energy storage devices [5]. PV/Wind/Battery [6-
8], PV/Wind/Fuel Cell [9, 10], PV/Wind/pumped hydro
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systems [11] have been reported. Another energy storage
technology supercapacitor (SC), due to its high cost and
less energy density is still less studied using PV/Wind
energy systems [12]. However, it has many advantages
over battery storage. It has high cycle life, high power
density, and low maintenance requirement compared to
batteries. These features have been exploited in PV/wind
energy systems to make the system more reliable. Wind
turbine generators are coupled with supercapacitors to
mitigate the fluctuations of WTGS in the distribution
network [13]. Wind/PEM fuel cell/alkaline electrolyzer, a
battery, and a supercapacitor bank is used for optimal
configuration using total annual cost and loss of power
supply [14]. Supercapacitors/Battery energy storage
system is used for active power management in a wind-
diesel system [15]. Supercapacitors are used to give
short-term buffering to wind fluctuations and intermit-
tency in wind-powered reverse osmosis membrane sys-
tems [16]. SC/battery optimal sizing is done for smooth-
ing wind power [17]. Based on the literature review and
the research gap discussed above, the objective of this
paper is to examine the techno-economic performance of
an off-grid PV/Wind/Battery and PV/Wind/SC HRES
using HOMER software to fulfill a typical agricultural
load and compare the energy management of the sys-
tems especially during the rainy season when the PV
energy is intermittent in availability and to study the
sensitivity towards the cost of the different components
of the system. In this paper, optimum PV and wind en-
ergy share are to be found out for the above-mentioned
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HRES. This research work analyses the impact of the
wind energy penetration and storage autonomy on the
systems, on the number of energy storage devices, the
cost of energy (COE), net present cost (NPC) of the sys-
tem. The electricity production from PV and wind are
chosen with different ratios and the best utilization of
the renewable and energy storage system are ensured
considering 10 % capacity shortage. The sensitivity
analysis and the energy management of the system are
also done at the climatic conditions of Haldia.

2. METHODOLOGY AND SYSTEM DESIGN

The PV/Wind/Battery and PV/Wind/SC HRES are
analyzed using HOMER (Fig. 1). The two types of
HRES PV/ Wind/ Battery and PV /Wind/SC are opti-
mized considering the following inputs in HOMER: the
wind speed, solar radiation and temperature data of
the site, load characteristics, and cost of the compo-
nents. The following economic parameters are evaluat-
ed for the system evaluation: the Net Present Cost
(NPC) of the system, Cost of Energy (COE), initial
investment, and operational and maintenance cost. The
minimal NPC system and COE with the different rati-
os of energy production from PV and wind based on the
above criteria are chosen as the system for the given
load followed by the sensitivity and energy manage-
ment analysis in the subsequent sections. The mini-
mum solar radiation is received in the rainy season,
from June to September, and the clearness index is
obtained the lowest in July in Haldia, India. The max-
imum wind speed is obtained from April to September.
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Fig.1-The schematic of HRES for the agricultural load
analyzed in HOMER: (a) PV/Wind/Battery and (b) PV/Wind/
Supercapacitor

3. LOAD CHARACTERISTICS

PV/Wind/Battery and PV/Wind/SC off-grid hybrid
systems are designed to fulfill the need of the agricul-
tural load of a typical agricultural farm at Haldia, West
Bengal, India. The daily agricultural load profile is
generated. The typical total power of the load is
6.619 kW with 48.048k Wh/day of energy consumption
by calculating the hourly load profile of a day (Fig. 2).
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Fig. 2 — The daily agricultural load profile

4. SYSTEM COMPONENTS SIZING

The basic sizing of the components of a PV/Wind/
battery and PV/Wind/SC system is PV modules, Wind
turbine, battery, supercapacitor, and converter which
are discussed in this section. In this research work, the
solar modules have been used in combination with wind
turbine generators to meet the load requirement
throughout the year. The PV modules are of polycrystal-
line silicon are of polycrystalline silicon types with a
maximum rated power of 1 kW with a lifetime of 25
years. To fulfill the energy needs during the night and
rainy season wind energy generator is considered. Wind
energy is mostly available for six months, from April to
September, in India. During the rainy season period,
wind energy generators can be an alternative to solar
energy generation. The unit wind turbine considered in
this study is 1 kW. The main utilization of the battery is
to serve the load at night when the PV and wind energy
is not available. The unit capacity of the lead-acid bat-
tery considered for the design of the systems in HOMER
software is 1 kWh. The supercapacitor known as a dou-
ble-layer capacitor is used to enhance the system life-
time, deliver high peak power. The supercapacitor of
nominal voltage 3 V. For a bus voltage of 12V, the
string size of 4 supercapacitors is chosen with the min-
imum state charge of 20 %. The cost of a 3000F Generic
supercapacitor is 58 $. The converter efficiency is con-
sidered as 90 % with the initial capital cost as 200 $.

5. RESULTS AND DISCUSSION

The optimization, sensitivity analysis, and energy
management of the PV/Wind/Battery and PV/Wind/SC
system are presented in this section.

5.1 Optimization

Optimization of energy sources plays a vital role in
the process of the decision-making of good energy man-
agement and cost management strategies. The optimi-
zation of PV/Wind/Battery and PV/Wind/SC system 1is
based on the 10 % capacity shortage which is presented
in this section.

5.1.1 PV/Wind/Battery System

The minimum battery size obtained at 10 % of wind
energy penetration indicates minimum COE per kWhr
generation (Fig. 3a). However, at 20 % of wind energy
penetration, the battery capacity obtained is 78 kWhr.
The unmet load of the system and is observed two
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points of undershoots at 10 % and 20 % of wind energy
share (Fig. 3b). The difference in COE at these two
points is nominal and hence a system with a 20 % wind
energy share can be chosen to make the system more
beneficial considering the constraints of the PV sys-
tems in the rainy season months as the solar radiation
from June to September remains low which is within
the range of 4-4.5 kWhr/m?/day. The effect of the wind
energy penetration on the COE of the system is studied
(Fig. 3c). The COE of the system remains constant from
the wind energy penetration range of 15-30 %.

90 25
80
= 70 20
s 60
<3
T_; 50 15 +
@ b}
s 40 <
w 10 =
o 30 g
+ 20 5
10
(1} (1}
0 10 20 30 40 50
Share of wind energy (%)
a
17
165 o
£ 16 ‘//"‘\§=
2 Fd
S 155 /
5 1s — —f—
=
S 1as /ﬂ\\
/ N
t 4
135 . . ;
o 10 20 30 40 50
Share of wind energy production (%)
0.3
0.25
02 ‘/——._‘o—*—-/
=
w 0.15
2

o 10 20 30 40 50
Share of wind energy production (%)

C

Fig. 3 — (a) Optimized PV/Wind/Battery systems, (b) Unmet
load, (¢c) COE for a different share of wind energy production

5.1.2 PV/Wind/ SC System

The drawback of the PV/Wind/Battery system is
that its response is not fast to the change in supplying
the load. The supercapacitor is a very fast charging and
discharging storage device. The PV/Wind/SC system is
studied for the climatic conditions of Haldia. The sys-
tem is optimized with a different share of wind energy
(Fig. 4a). The optimization of the PV/Wind /SC system
is done using HOMER software for different shares of
PV and Wind energy. The system is optimized with the
various shares of wind energy. It can be depicted that
for an 8 %, 10 %, and 27 % share of the wind energy
production, the no. of supercapacitors required are less.
It is observed that the unmet load and the range of
COE are also less for the share of 8 %, 10 %, and 27 %
of wind energy (Fig. 4b, ¢). So, to support the system
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during the rainy season 27 % of the wind energy share
system is chosen to serve the agricultural load.
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Fig. 4 — PV/Wind/ SC system: (a) Optimization, (b) Unmet load,
(c) COE

5.2 Sensitivity Analysis of PV/Wind/Battery and
PV/Wind/SC Systems

The sensitivity analysis is done to two different
types of parameter changes: Technical parameters of
the system and sensitivity of the system to the future
cost of the different components on the system. The
sensitivity of the tilt angle and the temperature of the
panel are studied as the technical parameters whereas
futuristic parameters such as the future cost of the
solar PV panel, battery cost, wind turbine cost, and
supercapacitor cost are studied. The PV production is
found to be maximum at 19668 kWh/yr. for the tilt
angle of 24° which is 2° more than the latitude angle.
The sensitivity to the PV operating cell temperature
from 30 °C to 45 °C by 5 °C is found that with the in-
crease of the temperature of the panel by 5 °C, the PV
production rate decreases by 1.8-1.9 %. The sensitivity
of the system towards the cost of different components
of the systems is also studied which can be beneficial
for predicting the future COE of the systems (Table 1).

Table 1 — System cost sensitivity

No. | Components COE Equation

PV cost y =0.00007x + 0.2769

Wind turbine cost y=0.00003 x + 0.1629

Battery cost y =0.0004 x + 0.1819

i N

Supercapacitor cost | y =0.0085 x + 0.1576
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5.3 Energy Balance of the PV/Wind/Battery and
PV/Wind/SC Systems

To assess the system operation, the details of the
power flow between the different energy sources of the
two HRES are analyzed for the rainy season months
when the solar radiation is available intermittently,
ie., from July to October (Fig.5). The total electrical
load serves, unmet electrical load, PV power output,
and wind power output, and battery state of charge of
the system are studied. From this study, it is found
that the PV/Wind/Battery system can serve the load to
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Fig. 5 — Energy management of (a), PV/Wind/Battery and (b)
PV/Wind/SC system for low radiation months
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a typical agricultural load at Haldia, India. The effect
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The sensitivity analysis of the PV module temperature
showed that with the increase of the panel temperature
by 5 °C, the PV production rate decreases by 1.8-1.9 %.
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Onrumisanis, 4yTJIMBICTh TA €HEProMeHE;KMEHT riOPUIHNX CUCTEM
BiHOBJIIOBAaHOI eHepril mia kiaimaruuaux ymos Haldia
3a momomorom nporpamuoro 3adesneuesaas HOMER: Temaruune mocaimskenus

M. Das!, R. Mandal?

1 AEIE Department, Haldia Institute of Technology, Haldia, India
2 School of Energy Studies, Jadavpur University, Kolkata, India

B remepimniHiit yac 3pocrae momut Ha ribpumaHi cuctemu BigHopiaoBauol eHeprii (HRES) mnia o6emyrosy-
BaHHS PISHUX THIINB HaBaHTaMeHb. [[skepesa doroeekTprdHol eHeprii Ta eHepril BITPY JAOIOBHIOIOTEH OIHE
onuoro. HRES 3 Bukopucranusam mrepest GoToeIeKTPUYHOI eHeprii Ta eHepril BITpy MO:Ke IIIIBUIMATH Ha-
MIAHICTh CHCTEMH JJIsI OOCJIyTOBYBAHHS HABAHTAMKEHHS IIPOTATOM POKY. ¥ PoOOTI aHAJN3yeThCsT BAPTICTD,
JOIIBLHICTh BUKOPHMCTAHHA Ta HamMiiHIicTh 80X TumiB HRES 3 BurkopucramusaM mporpaMuoro 3abe3medeHHss
HOMER gpmss wmicuesocrti Haldia (Imgis), a came 1ibpumHoi cucreMu (POTOEJIEKTPUYHA eHepris/
€Heprisa BITPY/aKyMyJIATOP Ta TIOPHUIHOI CHCTEMH (POTOEJIEKTPHUYHA eHepris/eHepris BITPY/CyIepKOHIeHCATOD.
IIi cucremu onTrMi3oBaHi 3a BapPTICTIO 3 BUKOPUCTAHHAM uncTol mpuseeHol Baprocti (NPC) cucremu i Bap-
tocti ereprii (COE) cucremu. CoHsiuHe BUIIPOMIHIOBAHHS, IIBUIKICT BITPY, TeMIIepaTypa JiISHKA MICIEBO-
CTl, TIOTOIMHHE HABAHTAMKEHHA Ta BapTicTh oauHuUIll Komnonentie HRES BBomsiThest B mporpamue 3abesrre-
venuss HOMER. JlominpHicrs Bukopucranus cucreMu BuBuaerbes 3a Havmenmol COE 3 pigunmu chiBsig-
HOIIIEHHSAMHN BHPOOHUIITBA eJIEKTpoeHepril Bif (hOTOEIEKTPHUYHUX Ta BIiTpoeHepreTwdHux cucreM. Hamiii-
HICTh CHCTEMHU BHUMIPIOETHCS Y BIZICOTKAX HE3a/I0BOJIEHOTO HABAHTAYKEHHs. BCTAHOBJIEHO, 110 YaCTKU BUPOO-
HANTBA (POTOEJEKTPUYHOI Ta BiTpoBoi eHeprii 80:20 Ta 73:27 € ONTUMAJIBHUMHU BIOMOBIIHO AJIA CHCTEM
doroenekTpuYHA €HEPris/eHepria BITPY/akyMyJIaTOp Ta  (POTOEJIEKTPHYHA eHepris/eHeprisa BiTpy/cyrep-
KOHIEHCATOP AJId KIIMaTHIHuX yMoB MiciieBocti Haldia. AHas1ia 4yT/IMBOCTI 10 TEXHIYHUX ITApaMeTpiB 1 BU-
TpaT, a TAKOK €HeproMeHeIKMEHT CHUCTeMH IIpelcTaBiieHo B pobori. ocmimkenns mokasaso, mo HRES 3
CYIIEPKOHIEHCATOPOM MOsKe 3a0e3[IeUnTH IMKOBe HABAHTAMKEHHA BIeHb 1 BHoul mopiBHaHo 3 HRES i3 aky-
MyJsiTopoM. BoHO Takosk BUSBMIIO, 10 CYNEPKOHIEHCATOP MOKe 3apPSIKATHCS Jy’Ke IIBHIKO 3 HU3BKUMU
3HAYEHHSIMH JIOCTYITHOI COHSTYHOI a60 BITPOBOI eHeprii Ha BIIMIHY BiJl aKyMyJIATOpA.

Kiouosi cnosa: PV, Birep, Akymyssarop, Cynepronnencarop, ['opuauuit, HOMER.
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