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a b s t r a c t

In developing countries like India, very limited observatory stations are available to collect daily global
solar radiation (GSR). This paper focuses to develop a common model for daily GSR estimation and
standalone hybrid power system (HPS) design in view of six different climate locations in India. A new
strategy is applied for finding the daily GSR model in Madurai location in Tamil Nadu, India. It is based on
new parameter, which is named as 'approximate-bright sunshine duration' from the real-time mea-
surement. The remaining six locations are estimated from the new model developed. In addition, to
improve the accuracy of estimation, the developed linear one input variable model is further modified as
two input variable model, based on the latitudes of six different climatic locations. The performances of
developed one-input and two input models are analyzed using statistical indicators. The result shows
that the developed two input variable model has provided excellent estimations for Madurai and also
other six Indian climatic locations of latitudes ranging from 9�N to 13�N. This work also projects a
detailed analysis of HPS design based on three meteorological data inputs to cover the residential energy
demand. The NASA data, predicted ANFIS data (estimated data) and the measurement data are used in
the analysis for the HPS feasibility and size optimization. The analysis shows that the hybrid configu-
rations are same for all the locations, whereas PV and converter sizes are varied in the range of 47
e52 kW and 23e27 kW, respectively.

© 2018 Published by Elsevier Ltd.

1. Introduction

The increase in global warming with the associated environ-
mental issues has a great impact on the ecological system, during
the recent decades. Many of the countries are striving for the
integration of renewable energy (RE) sources into the power gen-
eration, due to the global concern over carbon emissions from
conventional the power generation sources. The electric-grid po-
wer in the Indian state of Tamil Nadu is not surplus and experi-
encing 40% short fall in generation. Thus, the available grid power
to the remote areas is around 10 h a day (Sureshkumar and
Manoharan, 2014). The Tamil Nadu is an Indian state with
different power potentials and it comes under six different climatic
zones as pointed out by Vishnupriyan and Manoharan (2017). The
motivation of the present paper is to utilize environmentally
friendly renewable energy system (RES) to cover energy demand of

ten typical houses in six different climatic locations in Tamil Nadu.
The battery storage system or backup facility becomes essential

for the integration of solar photovoltaic (PV) and/or some other
combination of renewable sources. A combination of
PVewindehydrokineticebioenergy hybrid system was evaluated
by Nag and Sarkar (2018), using Hybrid Optimization for Electric
Renewable (HOMER) software for a futuristic rural area demand up
to 2051 in Dhanbad district of Jharkhand, India. The study found
that the level of cost of energy (COE) and total generationwould be
0.241 $/kWh and 179303 kWh/year for the year 2051. The optimal
hybrid renewable energy system (HRES) design utilized meta-
heuristic algorithms for solving a remote location in Almora dis-
trict of Uttarakhand, India (Singh and Fernandez, 2018). This study
reported 3 kWPV, 25� 3 kWwind turbine (WT) with 10� 17 kWh
capacity batteries and 20 kW converter as an optimal hybrid system
for 44.75MWh/year load system. These studies have not consid-
ered the precise solar irradiance data on PV based system design.

Hybrid energy scenarios based on split room air conditioners for
residential applications in Mediterranean climatic conditions were
discussed by Nizetic et al. (2017). The study influenced with
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different modified split air-conditioner approaches based on waste
heat recovery, coupled with PV, coupled with fuel cell, and coupled
with photovoltaic-thermal (PV-T) systems. The study concluded
with the range of calculated COE between 0.036 V/kWh and 0.159
V/kWh. Chauhan and Saini (2016a) considered the techno-
economic analysis of micro hydro, PV, wind, biomass gasifier sys-
tem with battery backup facility to fulfill the energy demand of a
group of villages in Indian state of Uttarakhand for a complete year
rather than considering the seasonal changes. The enhancement of
grid-connected PV system with different tracking systems in
Makkah location in Saudi Arabia was evaluated by Hassan et al.
(2018) using HOMER software. The study reported that two axis
tracker had 34% higher efficiency than the fixed tilt system. In terms
of economic point of view, the fixed tilt system has shown lowest
COE. The tracking systems need sophisticatedmechanical parts and
system cost is more than the fixed tilt system (Chong and Weiyan,
2016). These literature have not considered an annual optimum tilt
based PV system.

Many research studies focused on to investigate the techno-
economic feasibility with battery system as backup facility. The
lifespan of battery storage system is finite (unpredictable) and they
have to be replaced many times during the project duration. It in-
volves a big share in total net-present cost (NPC) (Al-Sharafi et al.,
2017). Alternatively, the combination of diesel generator (DG) was
used as a backup system for island electrification in the South China
(Bin et al., 2017). The incorporation of DG increased the reliability
level for long-time backup facility (Kusakana, 2015). For sustainable
development, the optimum planning of hybrid power system (HPS)
was based on technical and ecological aspects (Lombardi et al.,
2016). It has been found that the literature focused on mainly the
techno-economic feasibility analysis based on the available
resource data collected from the remote villages, rural areas and
Islands for stand-alone or grid connected systems. There is no
proper validation regarding the monthly average solar resource to
utilize the HPS modeling and analysis.

The key parameter in designing the HPS lies in the judgment of
daily global solar radiation (GSR) at a particular station (Sunanda
and Chandel, 2015). The knowledge of reliable and readily avail-
able solar radiation data at a given station is mandatory for correct
utilization of solar energy. In developing countries like India, solar
observation sites are limited. Consequently, GSR measurements are
available at few locations only. The daily GSR data are not available
for most of the locations in India (Basharat and Naiem, 2017a,b). In
the estimation of solar radiation models, meteorological data have
to be taken into account from the observatory stations. The mete-
orological data can be utilized for model development for the same
region and nearby locations.

Angstrom model was the sunshine duration based empirical
model and it was widely used to estimate monthly mean GSR
(Angstrom, 1924). It gives the relationship between clearness index
ðH=HcÞ and sunshine duration ðS=SoÞ. The Angstrom model co-
efficients ‘a’ and ‘b’ are constants which represent intercept and
slope, respectively. Prescott modified the Angstrom model by tak-
ing into account the extra-terrestrial radiation on the horizontal
surface ðHoÞ, named as Angstrom-Prescott model (Prescott, 1940).
Many of the researchers concentrated on different simple one or
two input variable models, since they eliminated the need of costly
instruments for measurement. These models are based on ambient

temperature (Chen et al., 2004), sunshine duration (€Ogelman et al.,
1984), and sunshine duration and latitude (Chen et al., 2006; Glover
and McCulloch, 1958). The several models exist for the estimation
of monthly GSR in different sites using modified version of funda-
mental Angstroms empirical relations (Qazi et al., 2015). Some of
the sunshine based regression models considered in the model

development are given in Table 1, and they are based on linear
model, second and third order polynomial, exponential, and power
series models.

Some studies discussed the development of GSR for Indian study
locations based on sunshine duration (Katiyar and Pandey, 2010)
and temperature (Veeran and Kumar, 1993). The advanced tech-
niques like Support Vector Machine (SVM) and Artificial Neural
Network (ANN) are utilized by Meenal and Selvakumar (2018) to
estimate monthly daily average GSR. The main drawbacks of these
models are highly site dependent, Hence, the equation must be
calibrated, if it is used in another region (Victor et al., 2017).
However, a common model is not available in India, especially in
view of different climatic areas. The Tamil Nadu state has plenty of
solar potential. Hence, this work guides to develop a unique model
to measure the daily GSR estimation, based on Angstrom-Prescott
linear and nonlinear correlations such as quadratic, cubic, expo-
nential and power series.

A recent literature review on hybrid renewable energy system
with different technologies is depicted by Sawle et al. (2018). From
the literature, it is clear that, there is no comprehensivework on the
techno-economic feasibility analysis based on three different
meteorological data inputs for optimum sizing of hybrid renewable
energy system in view of six different climate locations. Hence, the
motivation of the paper is to investigate the HPS configurations to
cover energy demand of ten typical houses in six different climatic
locations of Tamil Nadu. The methodology adopted in the present
paper is represented in Fig. 1. In addition, the present study has
concentrated on developing daily GSR models with new model
parameter namely ‘approximate-bright sunshine duration’. The
drawbacks of Campbell-Stokes (CS) sunshine measurements are
like time consuming process (Vivar et al., 2014). Hence, a new
procedure has been proposed to calculate the approximate bright
sunshine duration ðSaÞ. The enhancement and the performance of
the developed one input and two input variable models are utilized
in Madurai location and other six different climate locations in
Tamil Nadu. Finally, the optimum HPS feasibility investigation is
compared with different meteorological data inputs of NASA data,
predicted ANFIS data, estimated data and measurement data for
Madurai location and other six different climatic locations. The
HOMER simulation software is utilized to perform the technical and
socio-economic feasibility of the hybrid systems.

2. Model development

2.1. Background of the study area

The Tamil Nadu state is the 11th largest state in India and the
areas of Tamil Nadu hold six different climatic zones. In this work,
six groups of ten typical residential demands with grid un-
reachable households of urban areas have been considered for
standalone operation by means of PV-diesel based system. The
details of the study area are presented in Fig. 2 and Table 2.

2.2. Procedures adopted in model development

The horizontal GSR data was measured by pyranometer in the
Madurai location (9�880 N and 78�080 E). According to International
Electro-technical Commission, IEC 61724.998 is the standard
guideline for photovoltaic system monitoring and the data mea-
surement interval time lies between 1 and 10min. In this present
study, by following recording time interval of 10min, 144 data
points per day are collected. The data are correspond to the period
fromMay 2014 to April 2017 and they are used to estimate the daily
GSR on the horizontal surface of Thirumangalam village in Madurai
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