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A B S T R A C T   

The Hybrid renewable energy system (HRES) has the potential to better match the demand load profile with 
power by using the complementary nature of the variable renewables. The sizing of the HRES should be done 
carefully to better match with demand load without oversizing and under-sizing. This study presents the use of 
the Generalized Reduced Gradient Method to optimize the size of components of HRES. The case study is per
formed to demonstrate the HRES for a remote rural region. Cases of both the standalone and grid-connected 
modes are explored. The standalone system with reliability from 100% up to 70% is investigated. A grid- 
connected system is studied with and without payment of power supplied to the grid to explore the feasibility 
of HRES for different price regimes. The methodology used is validated using HOMER software by comparing its 
results with HOMER results for the cases considered. Higher renewable share in the standalone systems leads to 
more need for employments at every stage of the lifecycle of components. In addition to that, the negative 
environmental impact of the HRES system in comparison to the conventional system is significantly less. It can be 
concluded that the standalone system proves to be better in terms of job creation and carbon emission. In 
contrast, grid-connected comes out to be better in terms of reliability and economics.   

1. Introduction 

The search for viable alternates to conventional energy extraction 
methods has become imperative. The technological advances in the 
manufacturing of solar photovoltaic panels and a large amount of pro
duction quantity have been decreasing their capital cost steadily for 
many years [1]. The issue of the intermittent supply of solar and wind 
energy, because of their dependence on the non-steady natural phe
nomenon has been the cause of concern. This issue has gained increased 
significance in the wake of the Paris agreement in 2015 [2], where 
member countries, including India, have agreed to substantially increase 
the share of renewables in their energy mix [3]. 

Putting together more than one energy resource with some energy 
storage facility can be the way forward to synchronize the demand and 
supply curves [4]. The combination of two or more renewable sources 
with or without conventional source and storage is called a hybrid 
renewable energy system (HRES), as shown in Fig. 1, where the 
complementarity of resources is harnessed to decrease the mismatch 
between the supply of individual energy sources and demand load [5]. 

The optimization technique should be able to handle the mathematical 
model of power production and other parameters of the HRES system. If 
the power production is not linearly correlated with renewable resource 
availability e.g., wind speed [6], then our optimization technique can’t 
be linear programming. The optimization method ought to be capable of 
computing equations of cost and power production of HRES, as shown in 
the flow diagram of the general optimization process of HRES in Fig. 2. 

The optimization techniques used for HRES are many [7] and can be 
categorized into conventional, modern, and hybrid techniques [8]. 
Classical optimization techniques try to find the global optimum of the 
set of the equations using mathematical formulations like nonlinear 
programming (NLP), Iterative techniques, etc. The advantage of these 
methods is that they provide definite answers, but the demerit is that 
they cannot handle a large number of variables. Criteria like negative 
environmental impact and social parameters like job creation are gain
ing the attention of researchers in addition to economic and reliability 
criteria. This adds complexity and subjectivity to the modeling of HRES. 
Artificial techniques like genetic algorithm (GA), Particle Swarm Opti
mization (PSO), and other evolutionary algorithms are needed to handle 
multi-criteria decision-making effectively. Many researchers have tried 

* Corresponding author. 
E-mail address: rajeshnpatel1969@yahoo.com (R.N. Patel).  

Contents lists available at ScienceDirect 

Journal of Energy Storage 

journal homepage: www.elsevier.com/locate/est 

https://doi.org/10.1016/j.est.2021.103446 
Received 2 June 2021; Received in revised form 12 October 2021; Accepted 14 October 2021   

mailto:rajeshnpatel1969@yahoo.com
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2021.103446
https://doi.org/10.1016/j.est.2021.103446
https://doi.org/10.1016/j.est.2021.103446
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2021.103446&domain=pdf


Journal of Energy Storage 44 (2021) 103446

2

to combine two different optimization techniques to use the advantages 
of both, called hybrid techniques, which is an emerging field in the 
literature. The combination of solar energy and wind energy with or 
without other energy sources and storage techniques has been the 
dominant theme in the literature of HRES optimization. In recent years, 
attention has also been put on the demand side load management [9]. A 
variety of optimization methods are applied to the sizing optimization of 
HRES including newly developed ones like particle swarm optimization 
[10], cuckoo search [11], the crow algorithm [12], and gray wolf 

optimization [13]. These methods are applied for a range of applications 
like electric vehicle charging [14], rural electrification [15], building 
applications [16], desalination [17], agricultural system [18], residen
tial networks [19]. The modeling of the components should also be done 
keeping in mind the need of the HRES. The battery systems should be 
modeled and managed keeping in mind the empirical data provided by 
Deng et al. [20,21]. The energy management of the hybrid system was 
analyzed by Tang et al. [22,23]. 

The acquisition of power from renewable energy sources is not free 

Nomenclature 

HRES Hybrid Renewable Energy System 
VRE Variable Renewable Energy 
GRG Generalized Reduced Gradient 
PV Photovoltaic Panels 
WT Wind Turbine 
BS Battery System 
COE Cost of energy 
CRF Capital Recovery Factor 
ALCC Annual Life Cycle Cost 
RoE Rate of Energy 
NOCT Nominal Operating Cell Temperature 
SA Standalone system 
GC Grid-connected system 
SOC State of charge of battery 
AEC Annualized embodied carbon 
JC Job creation 

Subscript 
j Component of the system 
fg From grid 
tg To grid 
L Demand load 
r Rated at the reference temperature 

c Cell 

Symbols 
C Capacity or size of the component 
Cu Unit cost of the component 
₹ Indian National Rupee 
$ United States Dollar 
i Internal rate of return 
E Total energy in a year 
n Life of the component 
P Power 
η Efficiency 
I Global Horizontal Irradiance 
T Temperature 
V Wind Speed 
h Hub Height 
A Area 
N Number 
α Surface roughness coefficient 
cr Cell reference 
ci Cut-in 
co Cut-out 
ch Charging 
dch Discharging  

Fig. 1. Line diagram of typical HRES.  
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of carbon emission, even if there is no carbon emission during the 
operation of the energy conversion device [24]. An energy conversion 
device’s lifecycle involves mining and transporting raw materials, 
refining them, and machining and manufacturing the device [25]. These 
all are energy-intensive operations and hence carbon-emitting. In 
addition to that, the end of life of these devices requires proper disposal 
mechanisms. It involves the degradation of the environment [26]. This 
environmental impact necessitates the analysis of the lifecycle impact of 
these devices. Several studies are performed to evaluate the overall 
adverse effects of this equipment on the environment [27]. As per the 
study [28], 2876 MJ energy is consumed to produce 1 m2 of the 
multi-crystalline photovoltaic cell. It is equivalent to 799 kWh of energy. 
Considering the energy generation by mix coal-fired power stations and 
others in the energy grid, this can roughly be translated as 663 kg of CO2, 
eq / m2 of the photovoltaic panel. Baseline Carbon Dioxide Emission 
Database Version 15.0 [29] by the Central Electricity Authority, Min
istry of Power, Government of India, 0.83 kg of CO2, eq per kWh, is used 
to find equivalent carbon emission. 

In addition to that, the stagnating economies and increasing auto
mation in the aftermath of the COVID-19 pandemic have increased the 

urgency to look for job creation opportunities for policymakers. The 
renewable sector can boost the demand for the relevant skilled workers 
and has the potential to offset the job losses in conventional sectors [30]. 
It also increases the need for adequate training arrangements for the 
upcoming workforce in the market [31]. Renewable energies are poised 
to play a significant role in this, and job creation potential needs to be 
included in the analysis of HRES to evaluate its social impact. 

This study uses the Generalized Reduced Gradient (GRG) method for 
the optimization of the HRES, which is rarely used in the literature for 
the optimization of HRES [32]. The reliability of the standalone system 
using the GRG method is performed up to 30 % LPSP. In addition to that, 
the evaluation of the reliability of the HRES is performed for every 24 
hours duration. This daily power loss hours computation ensures that a 
small annual LPSP doesn’t translate into long stretches of the power 
outage at one go. The grid-connected scenario is also analyzed for both 
the cases of no payment and with payment from the grid. In addition to 
that, a new constraint is used for the grid-connected scenario. It limits 
the amount of energy to be paid for by the grid to the total amount of 
electricity supplied to the grid. The social impact of HRES is explored in 
terms of job creation opportunities, which has increased significance in 
the Post COVID world. The environmental effects of HRES in terms of 
greenhouse gas emission is also evaluated to compare it with traditional 
energy extraction methods. The results of the GRG method are compared 
with the results of HOMER software and are found in good agreement. 

The manuscript is structured as following in the upcoming sections. 
The methodology adopted for the optimal configuration of HRES is 
described in section 2. It also gives details about the mathematical 
model adopted in addition to a description of the Generalized Reduced 
Gradient method. Section 3 describes the remote location selected for 
the case study, availability of solar and wind resources in addition to 
demand load profile to be fulfilled. Section 4 details the results and 
discussion of this study. The results of the standalone case and grid- 
connected case are described in detail in sub-sections, respectively. 
Sensitivity analysis is performed and included. The evaluation of envi
ronmental and social impact is also presented in subsection 4.4. Sub
section for the validation of GRG results done using HOMER is included 
after that. The conclusions follow in section 5. 

2. Methodology 

The use of the Generalized Reduced Gradient (GRG) method for the 
sizing of HRES with the solar photovoltaic, wind turbine, and battery 
storage systems or grid connection is presented in this study. GRG 
method is seldom used for HRES sizing. Ladson et al. [32] and Gabriele 
et al. [33] have compared the GRG method with the other nonlinear 
programming techniques and have found that GRG has better efficiency 
and robustness. GRG method is proven to be better than other classical 
techniques in terms of complexity and computational time, as shown by 
Rudd et al. [34]. The proposed methodology is simpler to apply and 
execute. This makes it suitable to be utilized for HRES optimization. 
Microsoft office 2013 Excel-based add-on "Solver" tool is used to carry 
out GRG nonlinear method utilization for the optimization process. 

A general flowchart of the procedure to be followed for the optimi
zation of HRES is shown in Fig. 2. The case study of the remote rural area 
is also presented in subsequent sections, where the power demand of 
several thousand residents of the region is to be fulfilled by the proposed 
HRES. The purpose is to establish the feasibility of the HRES system 
optimization using the GRG method. 

GRG method uses an implicit elimination method to reduce the de
cision variables using equality constraints. For instance, an optimization 
problem has N design variables, K equality constraints and, M inequality 
constraints. The K equality constraints are used to reduce the number of 
design variables to N-K variables. This is performed using an explicit 
method by replacing the dependent variables in the objective function 
with independent variables using equality constraints. In the implicit 
method, the problem is solved by combining unconstrained problem 

Fig. 2. Flowchart for optimization of solar-wind based hybrid renewable en
ergy system. 
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solutions coupled with a root-finding technique [35]. The K dependent 
variables eliminated from the optimization process are known as basic 
variables, and the remaining N-K independent variables are known as 
non-basic variables. In GRG, inequality constraints are handled by 
introducing a slack variable for each constraint [36]. The HRES com
ponents sizing methodology has been carried out using the GRG method. 
The flowchart representing the GRG method is shown in Fig. 3. 

The model adopted for the sizing of HRES is a single objective three 
variable optimization problem. Solar radiation, ambient temperature, 
wind speed, and demand load profile are the input to the algorithm in 
addition to the system component characteristics. Solar radiation and 
wind speed specify the renewable energy potential of the site at a given 
time. The load profile defines the power to be satisfied by the HRES. It 
will also help to quantify any possible deficiency of power. 

Component modeling of the HRES is considered as follows [6]. 
Design variables are the area of PV array, APV in m2

, number of wind 
turbines, NWT, and the energy capacity of the battery system, EBS, max in 
MWh. Input parameters of the program are hourly load, PL for an entire 
year, solar irradiance, I for the whole of the year, ambient temperature, 

T for the entire year, and wind velocity at reference height, Vr for the 
entire year (i.e. 8760 hrs). 

The power produced by photovoltaic panels (PPV), 

PPV = ηPV ∗ APV ∗ I (1)  

where, 
APV is the surface area of photovoltaic (PV) panels, in m2, it is a 

design variable. I is the instantaneous solar radiation, in W/m2, it is input 
data for the location. ηPV is the instantaneous efficiency of the photo
voltaic panel, it is calculated using Eq. 2. 

ηPV = ηr ∗
(
1 − 0.004 ∗

(
Tc − Tcrf

))
(2)  

where, 
ηr is Rated PV cell efficiency, it is given by the manufacturer of PV 

panels. Tcrf is Cell reference Temperature, it is provided by the manu
facturer of PV panels. Tc is Cell Temperature, it is calculated using Eq. 3. 

TC = T + [((NOCT − 20) / 800)× I] (3) 

Fig. 3. Flowchart of logical steps of GRG method [37].  
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Where, 
T is the ambient temperature, and it is input data for the location. 

NOCT (Nominal Operating Cell Temperature) is given by the manufac
turer of PV panels. I is the solar Irradiance, W/m2, it is input data for the 
location. 

The power produced by the wind turbine, PWT 

PWT = NWT ×

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

0, v < vci or v > vco

Pr
v3 − v3

ci

v3
r − v3

ci
, vci ≤ v ≤ vr

Pr, vr ≤ v ≤ vco

(4)  

Where, 
NWT is the number of wind turbines in HRES, It is a design variable. Pr 

is the rated power output of the turbine, in kW or MW, it is given by the 
manufacturer. Vci is cut-in wind speed, in m/s, it is the threshold value of 
wind speed. If wind speed is more than that, the wind turbine will start 
producing power, which is given by the manufacturer. Vr is rated wind 
Speed, in m/s, for the wind speed more than rated wind speed, the wind 
turbine will produce power as per rated capacity, and it is given by the 
manufacturer. Vco is cut-out wind speed, in m/s, beyond which wind 
turbine will be stopped to avoid damage and stop producing power, 
which is given by the manufacturer. V is the wind speed at the hub 
height of the wind turbine, in m/s, it is calculated using Eq. 5. 

V = Vrh
(hrh / hhub) (5) 

hrh is the reference height, for which wind speed data of location is 
available. hhub is hub height of the wind turbine. 

Energy interaction with the battery system. State of charge of the 
battery in terms of stored energy EBS,t+1, in MWh or kWh, at time step 
t+1, is calculated from energy stored in the previous instance EBS,t, at 
time step, t, 

EBS(t + 1) = max

⎧
⎨

⎩

0,

min
[

EBS(t) + X ∗ (PL − PPV − PWT)

EBS,max

]

⎫
⎬

⎭
(6)  

Where, 
PL is demand load required to be fulfilled by the HRES, in kW, it is 

input data for the location. PPV is power produced by photovoltaic 
panels at a given instance, calculated using Eq. (1). PWT is power pro
duced by photovoltaic panels at a given instance, calculated using Eq. 
(2). EBS,max is the capacity of the battery, which is a design variable in 
this optimization problem. (PL − PPV − PWT) is required power 
interaction during charging or discharging of battery subject to the 
maximum state of charge of the battery system EBS,max. 

X = ηch for charging and X = 1/ ηdch for discharging. ηch is 
charging efficiency of the battery system. ηdch is discharging efficiency 
of the battery system. 

Power interaction (PBS) of battery system with other components of 
HRES in a given time period, 

PBS = EBS(t+ 1) − EBS(t) (7) 

The objective function to be minimized is the economic parameter, 

as it is of great concern at the design stage. The economic parameter to 
be minimized is selected as the levelized cost of energy, as it 

encapsulates all the costs incurred to avail a certain amount of power as 
described in the following equations. 

Minimize the objective function, Levelized cost of energy (COE), 

COE ($ / kWh) =
ALCC ($/yr)

Energy utilization (kWh/yr)
(8) 

Annualized Life Cycle Cost (ALCC) for a stand-alone system, [38] 
ALCC =

∑
(Cost of components ∗ CRF of components)

ALCC =
∑ (

Cj∗Cuj∗ CRFj
)

(9) 

Where j stands for components of HRES i.e. PV, WT or BS. C is the 
capacity of component, in MW for PV and WT & in MWh for BS. Cu is the 
unit cost of the component, in $/MW for PV and WT & in $/MWh for BS. 
Capital Recovery Factor (CRF), 

CRF =
[i × (1 + i)n

]

[(1 + i)n
− 1]

(10)  

where, i, is the internal rate of return and n is the lifetime of the 
component in years. The value of CRF depends on the lifetime of com
ponents and internal rate of return [39,40]. 

Subject to constraint. Loss of Power Supply Probability (LPSP) [41], 

LPSP =

∑
LPS

∑
Total Load in a year

(11)  

Where, 

LPS = Loss of power supply in the given time period (kWh) (12)  

When, 
Load > Total Renewable Power, Battery discharge happens. 
If the battery cannot supply that deficit power due to depletion of its 

charge, loss of power occurs. 
If PBS < PL − PPV − PWT, 
Loss of power supply (LPS) occurs and is calculated as, 

LPS = PL − PPV − PWT − PBS (13) 

Where, PL is the demand load as an input parameter to computation 
and PPV, PWT, PBS are calculated using Eqs. (1), (4), and (7), respectively. 

If EBS(t + 1)>EBS,max, 
Dump Load (DL) is activated when the battery is fully charged, and 

the total renewable charge is greater than load demand. 

DL = PPV + PWT − PL − PBS (14) 

In addition to the LPSP, which is a well-established reliability cri
terion [42] for the power systems, additional measures for assessing the 
system’s reliability are also added. The LPSP relates the power losses of 
the entire year with the load requirement of the entire year for annual 
timespan consideration. E.g. for the only power loss of 3 consecutive 
days in a year, the LPSP is less than 1%. But the consecutive power loss 
of 72 hours may not be acceptable to the users. Looking into this pos
sibility, an investigation of maximum power loss in hours per day (e.g. 8 
hours) is done. This will ensure the restriction on consecutive power loss 
for the consumers on any calendar day. 

Annualized life cycle cost (ALCC) for a grid-connected system. ALCC 
=

∑
(Cost of components * CRF of components) +cost of power sold to 

the grid in a year-cost of power purchased from grid in a year  

Where, j stands for components of HRES i.e. PV, WT, or BS. C is the 

ALCC =
∑ (

Cj ∗Cuuj ∗ CRFj
)

+
(
RoEfg ∗Efg

)
−

(
RoEtg ∗ min

(
Efg,Etg

))
(15)   
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Capacity of the component, in MW for PV and WT & in MWh for BS. Cu is 
the unit cost of the component, in $/MW for PV and WT & in $/MWh for 
BS. RoEfgis the rate of energy to be bought from the grid, in $/kWh. Efgis 
the total energy to be outsourced from the grid, in kWh. RoEtgis the cost 
at which the power is sold to the grid. Etg is the total power supplied to 
the grid. Payment for power supplied to the grid will be restricted to the 
amount of energy availed from the grid. 

The social impact of HRES in terms of job creation is analyzed, as it 
has become more critical in the wake of pandemic-ridden economies. 
The components of HRES like photovoltaic panels and wind turbines 
require adequate investments and employment of suitable people 
throughout the supply and manufacturing chain [43]. Various studies 
are published to assess the need for manpower in the manufacturing 
process, installation of equipment in the plant and operation & main
tenance of the systems. 

Total job creation is calculated for the respective component of HRES 
as follows: 

Total job creation = Job creation in manufacturing + Job creation in 
installation + Job creation in operation and maintenance. 

JC = JCman + JCins + JCo&m (16) 

It has become imperative to evaluate the environmental impact of 
the HRES system in the context of the looming ecological disaster of 
global warming and increased awareness in the masses about it. The 
environmental effects of PV panels can be calculated from the optimal 
area of PV calculated earlier. The increasing reliability requires a higher 
capacity of PV and in turn higher share of embodied carbon. In the same 
way, quite a variation is observed in the studies of life cycle analysis 
examining the environmental impact of wind turbines from the cradle to 
the grave. Crawford [44] suggested embodied carbon in the wind tur
bines in the range of 1844–2074 tons of CO2,eq per MW of capacity. 
Wang et al. [45] demonstrated that the value is 1664 t, CO2, eq per MW. 
Guezuraga et al. [46] reported the range of 1037 – 2292 t,CO2,eq per 
MW. 

Annualized Embodied Carbon (AEC) (in tons of CO2 equivalent/ 
year) = Total lifecycle embodied emission (in tons of CO2 equivalent) / 
life of component (in years) 

AEC =
TEE

n
(17)  

3. Case study 

The GRG method described in section 2 is utilized for the case study 
of a site in India. The study considers a rural area, Jakhau (23◦13′07′′N, 
68◦43′01′′E), in the west part of the Gujarat state of India. This region is 
one of the least rain receiving areas and thereby not vibrant in terms of 
agriculture and livestock (pastoral) cultivation, the two dominant 
traditional livelihood means. There are instances of entire monsoons 
without any rain. This has led to accumulated economic backwardness 
in the region [47]. The area is blessed with one of the highest renewable 
potentials in terms of solar radiation and wind speed. 

This particular area’s identification and selection are due to its 
economic backwardness coupled with relatively higher renewable po
tential. Sixty-two potentially backward regions were identified through 
the length and breadth of the state. They include two or more sites 
explored in each district of the state. The solar and wind potential was 
gathered for all these sites. Jakhau comes out as one of the sites with the 
highest cumulative renewable energy potential. 

Location of the region near the tropic of cancer and ocean coast along 
with a large part of the year with a clear sky provides the opportunity to 
exploit solar and wind energy to develop the area and improve the lives 
of the region’s people. In addition to that, the temporal complementarity 
of solar and wind potential with load shows the prima facie feasibility of 
the HRES system installation. The solar radiation data, acquired from 
the National Solar Radiation Database (NSRDB), shows relatively lower 

solar radiation availability in the monsoon season [48]. Fig. 4 shows the 
hourly solar radiation profile of the entire year. No of hour indicated 
here onwards starts from 1st January and progresses through the 

Fig. 4. Solar radiation hourly profile for typical meteorological year.  

Fig. 5. the temperature profile of all the days of the year.  

Fig. 6. Wind speed variation through the year at 50 m height.  
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calendar year. As evident from Fig. 4, the highest solar radiation is 
received in April and May, and so the highest temperature as shown in 
Fig. 5. The 1 hour time step is selected for the simulation. That results in 
the depiction of solar radiation in the morning and evening for all the 
days with sunrise and sunset in that hour. 

The period of a quarter of the year from October to February is winter 
in this part of the world. In this period, the temperature recedes to near 
10 ◦C levels, and generally, it is the dry season. The following four 
months are considered the summer. This part of the year has high sun
shine available and part of it has good wind potential as well. 

July to October is considered monsoon season, which brings in 
precipitation by the south-westerly winds. So this provides good periods 
of relatively high wind speeds, as evident from Fig. 6. But due to clouds, 
the solar radiation is not consistent and reliable. July and August, which 
lie in the monsoon season, have the least solar radiation available. In 
contrast, March and April have maximum solar potential. 

Wind potential available in the May to August period is highest 
because of monsoon winds. That also roughly coincides with higher load 
demand in the period of March to Jun as shown in the daily load profile 
in Fig. 7. On the other hand, November and December see the lowest 
wind speeds. Parameters chosen for the simulation of HRES are shown in 
Table 1. 

The data of 8760 hours of the entire year for solar radiation, wind 
speed, and ambient temperature are available for the location, derived 
from the NSRDB [49]. The hourly values of the entire year are consid
ered for computation. The load data is from the state load dispatch 
center [50], which facilitates smooth and reliable grid operations, 
including short-term demand forecast to absorb the renewable power 
into the grid better. The power-law coefficient for adjusting wind speed 
at hub height is 1/7, as the terrain is mainly flat [51]. 

The solar radiation, ambient temperature, wind speed, and demand 
load of all 8760 hours was fed into the program to compute the sizing of 
HRES components. Two types of scenarios are considered solar PV and 
wind turbine hybrid systems. Scenario A is the system working in 
standalone mode, and Scenario B is the grid-connected scenario without 
a battery system. 

In scenario A, computation of solar energy is done using instanta
neous efficiency of photovoltaic panels for given ambient temperature 
and solar radiation at a given time as described. The wind speed is 
adjusted for the hub height elevation using power law. In addition to 
that difference between load and renewable power produced is calcu
lated. If renewable power is more than load and the battery is not fully 
charged, the power will go to the battery, and if the battery is completely 
charged, the power will go to the dump load. When renewable power is 

less than the demand load, the battery will supply deficit power and get 
discharged. If the battery is fully discharged and the power deficit re
mains, the instance is counted as the loss of power supply. This total 
demand, which is not met in the instances of the loss of power supply, is 
used to find the loss of power supply probability (LPSP). The constraints 
fed to the optimization process are the LPSP value and integer value of 
the number of wind turbines. The optimized values of the photovoltaic 
panel area, no. of the wind turbine, and capacity of the battery system 
are decision variables as the results of optimization process. The capital 
cost of the components and their CRF gives the annual life cycle cost 
(ALCC). The useful energy produced by the plant can be used to find the 
Cost of Energy (COE) per kWh. The LPSP is changed gradually, and its 
effect on the COE is observed. 

For the grid-connected scenario without a battery system of scenario 
B, the gap between renewable power generated by the solar photovoltaic 
panels and wind turbines is filled by the grid. When renewable power is 
greater than the load demand, surplus power is supplied to the grid. In 
the case of the deficit supply from renewables, the remaining load power 
is drawn from the grid. This scenario can lead to several possible cases. 
When the grid operator follows the policy of not paying anything to 
HRES owners in exchange for the electricity supplied to the grid, there is 
no economic gain in supplying electricity to the grid. When the grid 
operator pays some contracted price for the power supplied from the 
HRES, the ALCC of the plant will decrease that much. Different prices 
being paid for this supply are considered for the results of a range of 
possibilities worth mentioning. In addition to that, the grid operator 
may charge the rate of electricity drawn from the grid at the deficit times 
not favorably to HRES. This also has the potential to many different sub- 
scenarios, which are discussed in the results section. 

4. Results and discussion 

4.1. Scenario A: Stand-alone system with photovoltaic panels, wind 
turbine and battery system 

Standalone system of solar photovoltaic, wind turbine, and battery 
system based HRES is sized for the site mentioned in section 2 with the 
methodology described in section 3. This scenario A is implemented and 
simulated for the varying values of LPSP. The results of the simulations 
are shown in Fig. 8. 

Each of these COE values is the optimal value corresponding to 
optimal sizes of components for given constraints and situations among 
the values computed by the round of simulations. Increasing LPSP means 
the decreasing reliability of the system and an increasing amount of load 
will remain unfulfilled. The zero value of LPSP indicates a completely 
reliable system for supplying all load as simulated by the power gener
ation formulas and input data. 

The increase in the LPSP gives a substantial drop in the COE of the 
systems, especially for initial values, as shown in Fig. 8. This indicates 
that if the loss of load for that tiny period is tolerable, the gain in eco
nomic terms is markedly high. The dump load inches downward at 2% 
LPSP. It does not decrease much with an increase in LPSP at higher LPSP 
values. The 98% reliable system seems to be preferable provided the 
consumers are willing to take power cut for the 2% of load [55], as it Fig. 7. Monthly average daily demand load profile.  

Table 1 
Parameters considered for the computation [39,52–54].  

Parameter Value Parameter Value 

Internal rate of return 12% Life of Wind Turbine 20 years 
Life of Photovoltaic panels 20 years Hub height 50 m 
Cell reference Temperature 25 ◦C Power law 

coefficient 
1/7 

Nominal Operating Cell 
Temperature 

45 ◦C Cut-in wind speed 3 m s− 1 

Rated PV cell efficiency 16% Rated wind Speed 13 m s− 1 

Life of Battery Systems 5 years Cut-out wind speed 25 m s− 1  
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provides a reasonable trade-off in component sizes, COE and dump load. 
The dump load is with respect to the total load satisfied by the system. 
This load is a wastage of energy due to the temporal mismatch between 
high load demand and high renewable supply periods. 

The completely reliable system requires the aid of a wind turbine and 
high battery capacity in addition to high PV capacity, as it requires a 
higher capacity of the wind turbine to fulfill the demand completely in 
the absence of sunshine. Then with an initial increase of LPSP, wind 
turbine retains lower capacity, as shown in Fig. 8 because those tiny 
power losses are now tolerable for lower reliability. Unlike solar PV 
capacity, the wind turbine is rated in the multiple 1 MW only. For LPSP 
more than 5, the capacity of the wind turbine increases and becomes 
comparable to PV capacity at the expense of reliability. This happens 
owing to the fact that the complementary nature of solar and wind 
comes into play and reduces the battery storage requirement. Energy, 
which goes into loss of power supply instances. The simulation selects 5 
MW capacity for 15% and 28% LPSP because the LCOE with 4 MW wind 

turbine capacity is slightly higher. It happens due to the incremental loss 
of power supply in times of good wind power availability, which is 
better served by wind turbines. 

As shown in Fig. 9, for the case of zero LPSP, the total power pro
duced by the PV and WT has a mismatch with the load requirements at 
some times. This necessitates the battery to satisfy the load at deficit 
times. Some days in the year leave the net deficit of the power due to 
lower renewable availability, as shown in Fig. 9. This period will require 
a larger battery capacity than just to fulfill the arbitrage of the day. This 
necessity of a lot of accumulated charge in the battery increases the 
battery capacity requirements a lot. This is especially true for the high- 
reliability cases with very low LPSP. Suppose some loss of load is 
acceptable to the consumers in periods with relatively low renewable 
potential. In that case, a significant drop in the battery capacity can be 
achieved, resulting in lower COE. 

An additional approach to reliability is explored in this study. The 
LPSP gives average power failure hours in an entire year, which may 

Fig. 8. Optimal configuration of the standalone system for different reliability levels.  

Fig. 9. Sample of a day (June 1) for component power interactions for LPSP 0.  
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result in continuous power loss concentrated for a certain period of time. 
This may result in small LPSP with long power loss hours in a certain 
section of the annum. To study this probability, the computation of 
power loss hours for all the days of the year is performed. As shown in 
Fig. 10, no. of days with power loss in the limit of 4 hours, 8 hours, 12 
hours, and 16 hours are plotted. It reveals that for LPSP up to 20%, very 
few days with a large number of power loss hours are observed and the 
problem of continuous power supply for a certain period doesn’t occur. 

A higher share of the battery system in levelized cost of energy leads 
to further investigation of the battery system sizing. Fig. 11 shows the 
state of charge of the battery for the entire year. It reveals that the 
discharge of the battery in times of higher wind potential in monsoon is 
low. Fig. 11 shows the battery charge condition for a thoroughly reliable 
system. 

4.2. Scenario B: Grid-connected system with photovoltaic panels and 
wind turbine 

The policy of facilitation of grid-connected HRES can be the way 
forward to promote renewable energy sources and maintain the reli
ability of the HRES. The grid-connected system of scenario B has no 
battery system available at its disposal, so the difference between 
renewable power and the load is filled with grid interaction. This leads 
to a question of the arrangement of electricity pricing with the grid. The 
question of energy pricing is twofold: cost of purchase of electricity from 

the grid and sell price of electricity to the grid. 
The two cases for scenario B of grid-connected HRES are simulated. 

The two cases are for 2 different arrangements regarding the sale price to 
the grid [56–58]. The first case I is with respect to no payment by the 
grid to the HRES for energy supplied to the grid. Case II is for the sale 
price of 0.029 $/kWh (2 ₹/kWh) for the electricity supplied to the grid. 
This is to investigate the effect of the sale price on the optimal config
uration of grid-connected HRES. 

The cost of electricity available from the grid varies from 0.043 
$/kWh (3 ₹/kWh) up to 0.214 $/kWh (15 ₹/kWh). The pricing variation 
is explored to get a better idea of the feasibility of the HRES plant. 
Additionally, the cost of purchase of electricity will depend on the 
agreement by the HRES owners with grid operators and distribution 
companies. This is affected by the comfort of the grid operator to provide 
power at the time of renewable deficits [59]. Generally, at these times, 
the grid will already be running its peaker plants. The peaker plants are 
costly to run in comparison to the base plants. The cost of the electricity 
derived by the grid operator is likely to cost more than regular prices. 
This fact has led to consider the purchase cost up to 0.214 $/kWh (15 
₹/kWh). The government may adopt the policy of low price of the 
purchase from the grid to promote the HRES installations. That’s why 
the lower purchase prices are also considered for the analysis. 

4.2.1. Case I: Grid-connected system with no payment for the supply 
to the grid 

The simulation results of scenario B computations, for the case I, are 
summarized in Fig. 12. The electricity purchase cost at deficit times from 
the grid is varied, and its effect on the HRES sizing and power interaction 
is analyzed. Purchase cost variation is from 0.043 $/kWh (3 ₹/kWh) up 
to 0.214 $/kWh (15 ₹/kWh). 

The wind turbine is not in the optimal mix at a very low purchase 
price from the grid, as evident from Fig. 12. The detailed analysis of 
power interaction reveals that the higher plant load factor of solar PV 
causes the HRES to draw power from the grid in the absence of sunshine 
instead of opting for the wind turbine to minimize the levelized cost of 
energy. 

Wind turbine comes in the optimal mix bit late, but increases the 
capacity rather rapidly and crosses the PV in capacity at the price of 
0.171 $/kWh. The rapid increase in the WT capacity is due to its ability 
to provide power besides the sunshine hours. The increasing cost of 
purchase power tends to decrease the dependence of the HRES on the 
grid, as evident in Fig. 12, to decrease the outgo of money to the grid. 

The levelized cost of energy steadily increases with purchase cost, 
but the difference between the two grows as observed in Fig. 12. The 
COE at a purchase cost of 0.043 $/kWh is 0.040 $/kWh, which increases 
to 0.143 $/kWh at purchase cost 0.086 $/kWh. It is evident that an 
increase in COE is not as profound as an increase in the purchase cost. 
This results from the increased share of renewables that replaces grid 
electricity, as evident in Fig. 12. As the price of purchase increases, the 
power drawn from the grid decreases steadily, as shown in Fig. 12. At 
the same time, the power supplied to the grid increases substantially as 
there is an increase in the Fig. 12 capacity of PV and WT to decrease the 
increasingly costly power drawn from the grid. The electricity supplied 
to the grid becomes larger than the electricity received at a higher 
purchase cost is due to the same reason, as also observable in Fig. 12. 

4.2.2. Case II: 0.029 $/kWh sale price to the grid 
It is crucial to consider the effect of the sale price to the grid on the 

optimal configuration of grid-connected HRES. This case considers the 
sale price of 0.029 $/kWh to the grid for variation of the purchase price 
from 0.043 $/kWh to 0.214 $/kWh. 

The sizing optimization results of case II reveal that PV and WT both 
increase their size for low purchase cost until a particular value of 
purchase cost as shown in Fig. 13. This is unlike previous cases, where 
PV size was on the secular decline. This can be explained by the 
increased incentive to the system for power sale compared to the 

Fig. 10. No. of days with power availability hours in a day for different LPSP.  

Fig. 11. Battery state of charge throughout the year.  
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previous case due to increased sale price. Otherwise, the general trend 
can be attributed to the same factors as was in previous cases. 

A large amount of electricity is drawn at low purchase prices. The 
amount of electricity supplied to the grid quickly matches the decreasing 
load derived from the grid, as shown in Fig. 13. This is the result of 
increased effort from HRES to minimize the load acquired from the grid 
at a high purchase cost. 

4.2.3. Comparison of grid-connected cases 
As mentioned earlier, the comparison of all cases can have important 

insights, which can broaden the perspective regarding the HRES sizing 
for different grid-connected price mechanisms. This can have policy 
implications as well. 

The photovoltaic panel capacities start low and increase a bit with an 
increase in the purchase price for the first case I, as evident from Fig. 14. 

Case II is a bit like a transition case where PV increases, peaks, and 
decreases at higher purchase costs. Interestingly enough, the weight of 
PV in total ALCC of HRES (including PV annualized cost, WT cost, grid 
purchase and sale in a year), remains the same for all purchase prices 
and both cases. This can be due to the arrangement of load distribution 
with respect to solar availability in such a manner that despite the 
change in the size of PV (capacity, MW) for different cases and sub-cases, 
it retains its % share (normalized weight) in COE at the same level on an 
annualized basis. 

The wind turbines don’t get added in the optimal mix at a very low 
purchase price from the grid for both cases, as evident from Fig. 14. This 
is due to the availability of electricity from the grid at a low cost at times 
of absence of sunshine and not very consistent wind power availability. 
This is also because of a cubical decline in wind power in comparison to 
a linear decrease of solar power at less than rated wind speed. Higher 

Fig. 12. Optimal configuration of Case-I in grid-connected scenario.  

Fig. 13. Optimization results for case-II for component sizing and grid interaction.  
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purchase cost demands higher wind capacity to replace the costly pur
chase of grid power at night times for all cases. This also leads to an 
increase in the weight of wind turbine cost in the COE at the expense of 
grid payment share. 

The levelized cost of energy variation profile remains essentially the 
same for different cases except for minute subtraction at higher sale 
prices, as seen in Fig. 15. Total load derived from the grid shows a 
secular decline for all the cases with increased purchase cost from the 
high 60 s to low 30 s in terms of percent of total load demand on the 
HRES. 

4.3. Sensitivity analysis 

The effect of variation of different input parameters on the levelized 
cost of energy extracted from HRES needs to be investigated because it 

will ascertain the effect of market forces and other external factors on 
the feasibility of HRES. The effect of change in the capital cost of HRES 
components namely PV, WT, and BS on the cost of electricity, is shown 
in Fig. 16. It reveals that COE is highly sensitive to battery cost. This 
increases hopes for the decreasing battery cost for the better economic 
viability of HRES in the near future. 

The effect of variation in component cost on the COE will also 
depend on the relative share of components in the system among other 
things. That’s why the case-specific sensitivity is shown in Fig. 16. The 
change in the rate of return is more on the annualized cost of PV and WT 
compared to the annualized cost of BS owing to the former’s long life
time. The sensitivity analysis reveals that increasing technological ad
vances in the manufacturing of PV [60], WT [61], and BS [62] coupled 
with low-interest scenario [63] going forward is poised to improve the 
economic viability down the line. The effect of change in solar radiation 

Fig. 14. Comparison of optimal configuration of grid-connected cases.  

Fig. 15. Comparison of energy interaction with the grid for both the cases.  
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does not result in differences in the sizes of PV components and by the 
extension to COE. 

4.4. Environmental and social impact of HRES 

The economic slowdown in the wake COVID-19 pandemic makes it 
much more imperative to think about the growing unemployment rates 
throughout the different parts of the world [64]. Lower GHG emissions 
made it possible to see clear blue skies in many cities of the world [65]. 
Policymakers are increasingly looking for the ways to provide the 
stimulus packages in such a way that they can stop the downhill slide of 
economies. In addition to that, policymakers have a window of oppor
tunity to make structural changes so that it can also create long-term 
societal and environmental benefits. Investment in renewable energy 
sources is pretty beneficial in terms of job creation and giving respite 

from carbon-emitting sources. The green deal [66] announced by Eu
ropean Union authorities is worthy of mention at this juncture. 

4.4.1. Carbon emission calculation 
The environmental effects of PV panels can be calculated from the 

optimal area of PV calculated earlier. The increasing reliability requires 
a higher capacity of PV and, in turn higher share of embodied carbon. In 
the same way, quite a variation is observed in life cycle analysis studies 
examining the negative environmental impact of wind turbines from the 
cradle to the grave. Crawford [44] suggested embodied carbon in the 
wind turbines in the range of 1844–2074 tons of CO2,eq per MW of 
capacity. Wang et al. [45] demonstrated that the value is 1664 t,CO2,eq 
per MW. Guezuraga et al. [46] reported the range of 1037 – 2292 t,CO2, 
eq per MW. 

Annualized embodied carbon in the components of HRES is depicted 

Fig. 16. Sensitivity of HRES COE with respect to component cost and IRR.  

Fig. 17. Annualized embodied carbon (AEC) in HRES components in standalone scenario.  
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in Fig. 17. The PV is responsible for a higher share of GHG emissions in 
comparison to other components because it has a higher share in terms 
of capacity in optimal configurations of HRES. At lower reliability levels, 
the reduced capacity of PV decreases the difference between embodied 
carbon of different components of HRES. 

It is all the more important to investigate the amount of GHG emis
sion prevented due to the installation of HRES compared to the grid 
connection, where conventional sources still play a dominant role in the 
energy mix. The difference between the total of AEC of all the compo
nents of HRES and carbon emission for equivalent energy availed from 
the grid gives the total emission decrease. The benefit to the environ
ment is significant, as shown in Fig. 18. The carbon footprint per unit of 
energy consumed is also depicted here. If all the energy produced by the 
HRES is taken into account, the carbon footprint will be even less. 

The negative environmental impact of the grid-connected scenario is 
investigated as shown in Fig. 19. However, it is better in terms of eco
nomics in comparison to a standalone system. The total annual carbon 
emission and reduction in complete grid dependence show a substantial 
reduction in harm to the environment, albeit less environment friendly 
compared to standalone systems. This is the trade-off to be made by the 
decision-maker between the two. An increase in the carbon emission, in 
this case, is since the portion of power demand satisfied by the grid is 
added in the calculation of AEC in addition to the HRES component life 
cycle emissions, which is the major chunk of the total AEC. The increase 
in the purchase price of power from the grid induces the higher capacity 
of HRES and decreases its dependence on the grid. It results in higher 
renewable share and better environmental friendliness for higher pur
chase cost, as evident in Fig. 19. 

4.4.2. Job creation 
The components of HRES like photovoltaic and wind turbines require 

adequate investments and employment of suitable people throughout 
the supply and manufacturing chain [43]. Various studies are published 
to assess the need for human resources in the manufacturing process, 
equipment installation in the plant, and operation & maintenance of the 
systems. 

The jobs created by PV components at the manufacturing and 
installation stages are higher in comparison to others. This is because PV 
requires more power at this stage and its higher share of capacity in the 
HRES system. 

Summary of total jobs created by the different components of HRES, 

as shown in Fig. 20, affirm that employment opportunities offered by the 
PV are one order of magnitude higher in our specific study for the rea
sons mentioned earlier. The study firmly establishes the opportunities 
for the skilled workers of different strata in the growing hybrid renew
able sector. 

In the same way, the grid-connected scenario of HRES, as shown in 
Fig. 21, also provides job opportunities albeit less than the standalone 
case as scenario B has smaller component sizes compared to scenario A. 

4.5. Validation 

The optimal configuration of HRES is found using the GRG method in 
this study. It is pertinent to validate the methodology adopted by 
comparing its results with the well-established algorithm. All of the 
scenarios and cases of this studied are also simulated in the HOMER with 
the same input parameters to validate the method’s robustness [67]. The 
HOMER was originally developed by National Renewable Energy Lab
oratory (NREL), USA [68]. It is recognized as standard software to model 
and analyze hybrid renewable energy systems in this software. Many 
studies are published wherein the HOMER is used to simulate and 
optimize HRES [69]. Das et al. have used HOMER to optimize the sizing 
and the cycle strategy of HRES for the location in Australia [70]. Khan 
et al. [71] have found the optimal configuration of HRES for four 
different locations in India using HOMER. Zahboune et al. [72] have 
used HOMER to compare it with their proposed method for the opti
mization of HRES. Jufri et al. [73], Zahboune et al. [74], Al Sharafi et al. 
[75], Amrollahi et al. [76] have validated their optimization modeling 
of HRES using HOMER. 

The input parameters to HOMER were the time series data of solar 
radiation, wind speed, temperature, and demand load of 8760 hours of 
the entire year. These were the same for the GRG simulation. The results 
of HOMER and GRG for the standalone scenario are compared in Fig. 22. 
It shows the proximity of results of COE of HOMER and GRG method and 
thus validates the methodology adopted in this study. The difference in 
results of GRG and HOMER varies from 0.005 to 0.021 $/kWh and 
narrows down for the higher LPSP. The small difference in the COE of 
HOMER results compared to GRG results is that HOMER relies more on 
PV, whereas GRG is more reliant on BS, as is evident from Fig. 22. 

The variations for the component sizes are also tiny. For PV, the 
HOMER computations result in higher PV capacity than GRG results in 
the range of 0.04–0.8 MW and for BS, GRG results give higher BS 

Fig. 18. Comparison of standalone system with conventional sources and decrease in environmental impact.  
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capacity than HOMER in the range of 0.3–2.2 MWh. PV and BS 
compensated for each other in that way. It seems that HOMER prefers 
power source availability over energy storage devices. 

For the grid-connected scenario, the HOMER simulation for the same 
input parameters and component characteristics also validates the use
fulness of GRG for the optimal configuration of HRES. Fig. 23 summa
rises the results of sizing of components and economic parameters of 
HOMER compared to the GRG results. It is evident that GRG performs 
well in finding optimal PV and WT capacity and minimum COE value for 
this scenario. 

In general, both methods give fairly similar results. The difference 
between the modified GRG results and HOMER range in 0.000–0.002 
$/kWh in the case-I of grid-connected scenario. PV capacity is more in 
the GRG results in the range of 0.04–0.13 MW. The capacity of WT re
mains almost the same except for the transition case, when HOMER is 

trying to be less reliant on the grid. Reliance on the grid in both, GRG 
and HOMER, remains the same, with deviation in the range of 
1.66–4.54%. 

The results of HOMER simulations for grid-connected case-II are 
compared with the results of GRG as plotted in Fig. 24. COE in both GRG 
and HOMER is almost exactly the same at lower purchase prices. The 
deviation is minimal in the range of 0.001–0.008 $/kWh. The similarity 
in results of HOMER and GRG in size of PV and WT show a similar trend 
to the previous case-I. Thus, the GRG is validated in this case also. 

Thus, the GRG is validated with reference to HOMER for all the cases 
and is performing very well in finding out the best economic parameters. 

5. Conclusions 

The optimal configuration of the hybrid renewable energy system is 

Fig. 19. Negative environmental impact of the grid-connected scenario.  

Fig. 20. Job creation opportunities in standalone scenario.  
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presented using the generalized reduced gradient method. The renew
able energies of solar photovoltaic panels and wind turbines are 
augmented with battery energy storage and grid-connected system in 
two different scenarios. The COE of standalone HRES ranges from 0.096 
$/kWh to 0.23 $/kWh for 70% to 100% for different reliability levels. 
Battery storage has a major share in the cost of energy especially for 
high-reliability standalone cases and thus higher sensitivity of COE for 
the cost of the battery storage system. The grid connection can improve 
the economics of HRES in a big way. The electricity sale price to the grid 
of 0 $/kWh (no payment of electricity supplied to the grid) and 0.029 
$/kWh is considered for the computations as case-I and case-II. Both 
cases are investigated from the grid purchase range from 0.043–0.214 
$/kWh. The COE is in the range of 0.040–0.097 $/kWh and 0.037–0.084 
$/kWh for case-I and case-II, respectively. The optimization results show 

that the grid sale price affects the component sizes of HRES, especially at 
low purchase cost and overall COE. The GHG emissions from the life
cycle of different components of HRES are also studied. It is predicted 
that HRES can reduce the GHG emissions in the range of 5.4–6.6 million 
kg of CO2 equivalent every year compared to grid power in the stand
alone scenario. In addition to that, the calculation of employment op
portunities shows hundreds of jobs created by the installation of HRES. 
The methodology validation is done by comparing its results with the 
results of the HOMER software, which closely matches. The extensive 
study of the sizing of HRES with a case study shows that the standalone 
system is better for sustainability and job creation. In contrast, the grid- 
connected system is better in terms of reliability and economics. The 
multi regression analysis can be used in the future to develop the rela
tionship between different parameters of the battery. 

Fig. 21. Job creation in grid-connected scenario.  

Fig. 22. Comparison of GRG results with HOMER results for standalone scenario.  
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