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Abstract- The renewable energy sources (RES) are globally recognized as a suitable option for sustainable development in 
many off-grid applications. Recently, the integrated systems with two or more RES are being paid great attention for 
electrification of the isolated areas and found to be an acceptable solution rather than uneconomical grid extension. In the 
present study, the integrated renewable energy system (IRES) model is developed using solar, wind, biomass and biogas 
energy sources to meet the electricity demand of the isolated rural community of Khatisitara village of Gujarat state in India. 
The operational strategy for the IRES model is developed considering the distribution network losses as a system design 
parameter. The developed IRES model is optimized for minimum net present cost of the system using particle swarm 
optimization (PSO) algorithm in MATLAB environment. The well-established genetic algorithm (GA) was used to validate the 
results obtained from the PSO algorithm. Further, the effects of distribution losses (DL) on the system size, power reliability 
and economy have been evaluated. The sensitivity analysis was performed to assess the effect of economically influencing 
parameters on the developed model. Finally, the break-even analysis was performed for the grid extension distance to examine 
the economic feasibility of the IRES against grid extension. The simulation results show that the impacts of DL on the power 
reliability and economy of the IRES are significant. Further analysis shows that the IRES using locally available RES is a 
feasible option for rural electrification in the considered study area rather than grid extension. 

Keywords Integrated renewable energy system, Off-grid system, Distribution loss, Economic feasibility, Grid extension. 

 

1. Introduction 

Electrical energy is the most useful form of energy 
which satisfies various needs of the human being. Presently, 
the fossil fuel based electricity generation is dominating the 
renewable energy (RE) source based power generation [1]. 
However, more use of fossil fuel is a matter of worry due to 
its dwindling nature and non-uniform distribution throughout 
the world. Also, enormous uses of such resources create a 
perilous situation such as global warming, acid rain, etc [2]. 
Presently, many regions around the world are facing flood 
and drought situation due to increasing use of fossil fuel 
based conventional energy sources [3]. 

Generally, urban areas are facilitated with various forms 
of energy but isolated rural areas of many developing 

countries are still struggling for electricity access to satisfy 
their daily needs. Electrifying such isolated areas can elevate 
the communities socio-economically [4]. The socio-
economic and educational stirring of such communities can 
reduce the poverty level and contribute more in economic 
developement of the country [5]. The grid extension for 
electrification of the isolated hilly rural areas may be 
uneconomical due to poor load density and uneven terrain 
[6]. However, such areas are enriched with one or more 
renewable energy sources (RES) like solar, wind, small 
hydropower, biomass etc. These RES are environmentally 
benign, and it can effectively fulfill the energy demands of 
the community if developed and utilized properly [7]. 

An electrification of the remote area using single RE 
source may be inappropriate due to intermittent operating 
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characteristics of the major RES [8]. In order to achieve the 
cost-effective and reliable solution, two or more available 
RES can be embedded together for power generation to 
fulfill the various energy needs of the remote community [9]. 
Generally, the integrated renewable energy system (IRES) is 
incorporated with energy storage devices to take care of the 
intermittent nature of RES [10–12]. For the off-grid IRES, 
the cost and power reliability play a vital role in success of 
such project [13]. However, the reliable systems are often 
costly and economic systems are usually less reliable, so to 
achieve the best trade-off between the cost and power 
reliability, different optimization techniques are used [14,15]. 

The integrated system using two or more energy sources 
has received much attention over last two decades for 
electrification of the remotely located areas. In past, many 
research studies have been conducted using various 
configurations of the IRES for a variety of off-grid 
applications. Mostly, the IRES configurations such as solar-
wind [4,16,17], solar-wind-hydro [18], solar-wind-biomass 
[19], solar-biomass [20], solar-biogas [21] and solar-wind-
biogas [22] have been presented in the past studies. Hybrid 
energy system model based on the combination of the 
renewable and conventional energy sources were also 
developed by many researchers to electrify rural areas 
[23,24]. 

Nandi and Ghosh [25] developed a hybrid energy system 
model for electrification of Kutubdia Island located on the 
Southern coast of Bangladesh using solar, wind and diesel 
based energy resources along with the battery. They 
performed a techno-economic analysis on different 
combination of the energy sources with 0% and 5% annual 
capacity shortage and determined an optimal combination of 
the resources having lowest net present cost and cost of 
energy. Rajanna and Saini [26] proposed an off-grid IRES 
model for rural electrification of un-electrified villages in 
Chamarajanagar district of Karnataka state in India. They 
investigated a feasibility of the system using different 
optimization power factor and expected energy not supplied 
(EENS). The developed model was optimized using genetic 
algorithm (GA) based approach. Xu et al. [27] presented the 
different implementation strategies for the rural 
electrification using microgrid approach. They discussed 
three different scenarios of electrification for the rural area in 
the Eastern Cape Province of South Africa. The different 
implementation strategies were compared based on the cost, 
performance, efficiency, equipment utilization factor and 
excess electricity generated. Upadhyay and Sharma [28] 
proposed an off-grid hybrid system model using solar, micro 
hydropower, biomass, biogas and diesel energy resources for 
electrification of the seven un-electrified villages in 
Dhauladevi block of Uttarakhand state, India. The developed 
model was optimized using GA, particle swarm optimization 
(PSO) algorithm and HOMER software. Dekker et al. [2] 
performed an economic analysis of solar and diesel source 
based hybrid energy system. They considered different 
climatic zones of South Africa for the analysis and optimal 
configurations of the system were obtained. Ismail et al. [29] 
developed an optimized model of the hybrid energy system 
using solar photovoltaic (SPV), micro-turbine, diesel 
generator and battery bank to electrify a small community in 

the Palestinian Territories. The developed model was 
optimized for minimizing the cost of energy using GA with 
the specified value of reliability index. They considered four 
types of photovoltaic (PV) panels, two types of mounting 
fixtures, four types of batteries and two types of micro-
turbines in the analysis. Kanase-Patil et al. [30] proposed an 
integrated renewable energy optimization model using the 
micro hydropower generator, biomass generator (BMG), 
biogas generator (BGG), wind turbine generator (WTG) and 
SPV to satisfy the seasonally varying demand of the remote 
hilly area in India. They developed a correlation between the 
RE source size and their capital cost in order to suggest a 
suitable size of the RE system for the study area. 

From the previously published works, it has been 
observed that the IRES based power generation schemes 
were proposed with different combinations of the resources 
to satisfy the energy demands of the community without 
considering the distribution network losses. The effect of the 
distribution loss (DL) on the power reliability, economy and 
size of the off-grid IRES has not yet been identified. In 
remote rural areas, the loads are generally scattered in nature 
[31], and the electrical distribution system, which connects 
various loads with the electrical generators, needs to be 
developed [32]. The electrical distribution system is the most 
critical component of the power system which affect the 
power reliability and cost of the electricity significantly [33]. 
For the off-grid IRES, the total power delivered to the end 
users can be calculated by subtracting the total power loss 
occurred in the distribution network from the total generated 
power [34]. The power losses are occurred naturally due to 
the irradiation and inevitable dissipation of the electrical 
energy in various equipment and conductors of the 
distribution system [35]. Distribution network losses account 
around 13% of total generated energy in developing 
countries. The higher distribution losses have a direct impact 
on the overall economy and efficiency of the system [36]. 
Further, it has been observed that the IRES model developed 
so far mainly consists of the solar and wind energy resources 
for the off-grid rural electrification; however, the IRES using 
solar, wind, biomass and biogas energy resources is found 
limited in the literature. 

Based on the literature survey carried out, the present 
study deals with the modeling of IRES using the solar, wind, 
biomass and biogas energy sources along with the battery to 
meet the electricity demand of the isolated rural community 
having scattered population. The developed IRES model is 
optimized for the total net present cost minimization and 
combined techno-economic analysis have been carried out. 
The distribution loss has been considered as a design 
parameter, and the operational strategy is developed for the 
assessment of economic viability of the IRES model. 
Further, an attempt has been made to identify the impact of 
the DL on the power reliability, size and economy of the 
IRES. The sensitivity analysis has been performed by 
considering the variation in capital cost of the system 
components and the cost of feedstocks. Finally, the break-
even analysis has been carried out for grid extension distance 
to identify the economic feasibility limit of the proposed 
IRES model against grid supply option. The statistical 
significance was analyzed by using MATLAB software. 
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2. Modeling Methodology 

The IRES model is developed by considering the 
approach of modeling methodology as given in Ref. [4]. The 
brief discussion of the study area, demand estimation, and 
resource assessment are covered in this section. 

2.1. Study area 

In the present study, "Khatisitara", a small hamlet of 
Amirgadh taluka in Banaskantha district of Gujarat state, 
India has been considered as a study area. It is located about 
10 km away from the state road and 8 km away from the last 
electricity distribution point. The study area is a semi-
isolated, non-revenue small hamlet situated near the border 
of Gujarat and Rajasthan states in the hilly terrain, and the 
population belongs to the Dungri Garasia tribal community. 
The total population of the study area is 745, out of which 
377 are male and 368 female. The location of the study area 
is shown in Fig. 1 [37–40]. 

2.2. Energy demand estimation 

The total electrical energy demand of the study area is 
estimated based on the actual needs of the community. The 
total energy demand is divided into the different categories 
such as domestic, commercial, agriculture and community. 
The details such as appliances, their rating and sector wise 
quantities considered for demand estimation are given in 
Table 1. 

The light emitting diode (LED) based lighting option is 
considered in the analysis due to its benefits over the 
compact fluorescent lamp and incandescent lamp [41]. The 

 
Fig. 1. Location of the study area [37–40] 

energy demand estimation is carried out for the summer and 
winter seasons separately. The time span from March to 
October belongs to the summer season and November to 
February as winter season in the study area. The total daily 
energy demand of 347.881 kWh is estimated for the summer 
season with a peak value of 34.707 kWh, while the total 
daily energy demand of 210.766 kWh is estimated for the 
winter season with a peak value of 23.187 kWh. The daily 
energy demand profiles for the summer and winter seasons 
are shown in Fig. 2. 

2.3. Resource estimation 

The state of Gujarat is rich in terms of the availability of 
the RES such as solar, biogas, biomass, energy plantation, 
wind and tidal [42]. In order to estimate the potential of the 
locally available RE sources, an extensive survey was carried 
out in the study area and surrounding regions. The global 
solar radiation on a horizontal surface and wind speed data 
were obtained from the Indian Meteorological Department 
(IMD), Pune, India. The mean annual solar radiation on tilted 
surface is calculated as 4.40 kWh/m2/day with a maximum 
value of 5.73 kWh/m2/day in the month of May and a 
minimum value of 2.32 kWh/m2/day in the month of 
November. The monthly average daily solar radiation and 
corresponding clearness index of the study area are given in 
Table 2. 

The wind speed data provided by the IMD was recorded 
using an anemometer at 10-meter height. Then, the available 
wind speed data were extrapolated at 20 meter hub height 
using wind power-law equation given in equation (1) [43]. 

α

ane

hub
anehub H

HV  V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×=          (1) 

Where Vhub, Vane, Hhub, Hane and α are the wind speed at 
hub height, wind speed recorded by an anemometer, hub 
height of the WTG, height of an anemometer and the ground 
surface roughness (friction) coefficient respectively. In this 
study, α is taken as 0.2 [44]. 

The annually average wind speed is estimated at 5.26 
m/s with a maximum value of 9.42 m/s in the month of May 
and a minimum value of 2.99 m/s in the month of November. 
The wind speed frequency distribution of the study area is 
shown in Fig. 3. 

 
Fig. 2. Seasonal energy demand of study area
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Table 1. Category and sector wise quantity of appliances 

Sr. 
No. 

Category and sector 
(with quantities) of load 

Appliances Rating 
in Watt 

No. of points Total quantities 

1. Domestic: 
Households (123) LED lamp 12 2 point 246 

Fan 45 2 point 246 
TV 70 1 point 123 

2. Commercial: 
Shops (9) LED lamp 12 1 point 9 

Fan 45 1 point 9 
Flour mill (1) LED lamp 12 1 point 1 

Fan 45 1 point 1 
Motor 3750 1 point 1 

3. Agriculture: 
Crop threshing machine (1) Motor 5000 1 point 1 

4.  Community: 
Community hall (1) LED lamp 12 3 point 3 

Fan 45 3 point 3 
Music system 500 1 point 1 

Dispensary (1) LED lamp 12 4 point 4 
Fan 45 4 point 4 
Refrigerator 475 1 point 1 
Immersion rod 1000 1 point 1 

School (1) LED lamp 12 10 point 10 
Fan 45 10 point 10 
Computer 150  1 point 1 
Music system 500 1 point 1 

Dairy (1) LED lamp 12 3 point 3 
Fan 45 2 point 2 
Refrigerator 5000 1 point 1 

Water pumping system (1) Motor 2238 4 point 4 
Street lights (40) LED lamp 24 1 point 40 

The study area has total 142.78 hectares of agriculture 
land, out of which 27.25 hectares are irrigated, along with the 
surrounding forest belt of approximately 157 hectares [45]. 
The wheat, maize and mustard are the dominating agriculture 
products of this area. 

The total dry biomass potential from the forest foliage 
(fuelwood) and agriculture waste have been estimated as 
9.42 tons/year and 56.72 tons/year respectively at 60 % 
collection efficiency. The total cattle strength has been 
estimated as 186 including 128 cows and 58 buffaloes. The 
total cattle dung availability has been estimated as 1290 
kg/day at 60 % collection efficiency. 

 
Fig. 3. Wind speed frequency distribution of study area 

3. IRES Configuration 

The integrated renewable energy system model has been 
configured by considering the solar, wind, biomass and 
biogas as energy sources for electricity generation and the 
battery bank as an energy storage element. In the present 
study, an attempt has been made to create a small 
autonomous microgrid which can satisfy the energy needs of 
the community. As the system consists of both AC and DC 
generating sources, the AC-DC hybrid configuration has 
been adopted. The proposed IRES configuration is shown in 
Fig. 4. 

3.1. System component selection 

In the present study, the RE technologies such as solar 
PV, WTG, BMG and BGG are considered for power 
generation to satisfy the electricity needs of the community. 
In this section, various system components used to formulate 
the IRES model and their specifications are discussed. 

3.1.1. Solar energy system 

In Gujarat state, Gujarat Energy Development Agency 
(GEDA) is the state nodal agency for promotion and
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Fig. 4. Proposed IRES configuration 

implementation of the alternative energy source based 
systems. The specifications of the solar PV module are 
obtained from the agencies empanelled by GEDA and given 
in Table 3 [46]. The annual operation and maintenance 
(O&M) cost of the SPV module is considered as 2.5 % of its 
capital cost, which is collectively taken as 0.7 INR/kWh 
based on its annual energy generation. 

3.1.2. Wind energy system 

From Fig. 3, it is seen that the study area has the highest 
frequency of 17.37 % for the wind speed between 3 to 4 m/s. 
So, the use of small rating WTG operating at low cut-in 
speed can extract more power from the wind. The 
specifications of the WTG system are obtained from the 
"Ministry of New and Renewable Energy", India empanelled 
agency [47] and given in Table 4. The annual O&M cost of 
the WTG is considered as 2.5 % of its capital cost which is 

Table 2. Monthly averaged daily solar radiation and 
clearness index of study area 

Sr. 
No. 

Month Monthly average 
daily solar radiation 
(kWh/m2/day) 

Clearness 
index 

1 January 4.54 0.53 
2 February 4.70 0.51 
3 March 5.72 0.58 
4 April 5.29 0.52 
5 May 5.73 0.57 
6 June 4.88 0.49 
7 July 3.40 0.33 
8 August 4.14 0.41 
9 September 2.73 0.28 
10 October 4.77 0.51 
11 November 2.32 0.29 
12 December 4.57 0.54 

Table 3. Specifications of SPV module 

Parameter Unit Value 

Rated (peak) power output (WP) watt 300 
Open circuit voltage volt 44.56 
Maximum voltage volt 38.88 
Short circuit current ampere 8.48 
Maximum current ampere 7.71 
Module efficiency % 15.5 
Capital cost of SPV module INR 10080 
Installation cost of SPV module 
(@ 20% of capital cost) 

INR 2016 

Life of SPV module year 20 
 

collectively taken as 0.6 INR/kWh based on its annual 
energy generation. 

3.1.3. Biomass generator system 

The biomass gasification system along with the gas 
operated engine-generator set is considered for electricity 
generation. The economic assessment of the BMG system 
has been carried out by considering the capital cost, O&M 
cost and fuel (biomass) cost. The capital cost of BMG system 
includes the cost of gasifier, gas handling unit, engine-
generator set, accessories and civil works. The cost of civil 
works includes the cost of foundation, storage premise for 
raw fuel (biomass) and storage tank for the producer gas. The 
fuel preparation (chopping, drying, etc) and handling 
expenses are incorporated in the overall O&M cost of the 
BMG system. The annual O&M cost of the whole unit along 
with auxiliary equipment is taken as 10% of the total cost of 
the gasifier and engine-generator set, which is collectively 
taken as 1.27 INR/kWh based on the annual energy 
generated by the BMG unit. Based on the estimated biomass 
potential, 15kWe BMG system is considered in the analysis. 
The specifications of BMG system are given in Table 5 [48]. 

3.1.4. Biogas generator system 

Biogas to electricity generation involves two stage 
process: 1) The biogas is produced from the raw fuel (cattle 
dung) through an anaerobic digestion, and 2) The electricity 
is produced from the biogas using gas engine-generator set. 
The economic assessment of the BGG system has been 
carried by considering the capital, O&M and fuel costs.   

Table 4. Specifications of WTG 

Parameter Unit Value 
Rated power kW 3.3 
Cut-in wind speed m/s 2.7 
Cut-out wind speed m/s 20 
Rated wind speed m/s 10.5 
Swept area of wind turbine m2 16.4 
Efficiency of WTG system % 90 
Power coefficient of WTG system --- 0.46 
Capital cost of WTG system INR 210000 
Installation cost of WTG system 
(@ 30% of capital cost) 

INR 63000 

Life of WTG system year 20 
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Table 5. Specifications of BMG system 

Parameter Unit Value 
Capital cost of gasifier system INR 352500 
Capital cost of engine-
generator set 

INR 412500 

Capital cost of civil works INR 125000 
Conversion efficiency % 20 
Cost of biomass INR/kg 2.00 
Specific consumption of 
biomass 

Kg/kWh 1.5 

Life of civil works year 25 
Life of gasifier system hour  10000 
Life of engine-generator set hour  15000 

 
The capital cost of the BGG system is estimated by 
considering the cost of the civil works and engine-generator 
set with accessories. The cost of civil works includes the cost 
of digester, inlet (mixing) tank, outlet (overflow) tank and 
other accessories, foundation cost of engine-generator set and 
storage tank cost for the biogas. The cost of civil works is 
estimated using the item rates, which are published in 
"Schedule of Rates" by the Government of Gujarat for the 
FY 2016-17. The raw fuel and product biogas handling 
expenses are incorporated in the overall O&M cost of the 
BGG system. The annual O&M cost of the whole unit is 
estimated at 8% of the cost of engine-generator set and 2% of 
the cost of civil works, which are collectively taken as 1.3 
INR/kWh based on the annual energy generated by the BGG 
system. Based on the availability of cattle dung in the study 
area, the biogas plant of 45 m3 and engine-generator set of 10 
kWe are considered in the analysis. The specifications of the 
BGG system are given in Table 6 [48]. 

3.1.5. Battery and bi-directional converter with 
charge controller 

The specifications of the battery and bi-directional 
converter with charge controller (BDC-CC) used in the 
analysis are given in Table 7 [49,50]. 

4. Mathematical Modeling of IRES Components 

In order to evaluate performance of the system, the 
mathematical modeling of the IRES components has been 
carried out and discussed in this section. 

4.1. SPV system 

The hourly power output (in kW) from the SPV panel 
array can be calculated by using equation (2) [51]. 

PV
STCt,

t
DRSTCRAT,PV N

H
HFPP ×⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
××=                     (2) 

Where PRAT,STC is the rated power of selected SPV 
module under standard test conditions, FDR and NPV are the  

Table 6. Specifications of BGG system 

Parameter Unit Value 
Capital cost of civil works INR 228445 
Capital cost of engine-generator set INR 300000  
Annual operation and maintenance 
cost of system 

INR/kWh 1.3 

Conversion efficiency % 27 
Cost of cattle dung INR/kg 0.20 
Specific consumption of biogas  m3/kWh 0.5 
Quantity of dung required to 
produce 1 m3 biogas 

Kg/m3 25 

Life of civil works Year 25 
Life of engine-generator set hour  20000 

 
number and derating factor of the SPV module, Ht is an 
hourly solar radiation incident on the SPV module, Ht,STC is 
solar radiation at standard test condition.    

4.2. Wind turbine generator 

At any hour t, the power output (in kW) from the WTG 
system can be calculated by using equation (3) [52]. 

h CI h CO

3
P W WT WT h

WTG CI h R

R

0,                                                                     if V V &V V

0.5 C η A N (V (t))P (t)  ,  if V V V
1000

P ,                                             

airρ

< >

⎡ ⎤× × × × × ×
= ≤ <⎢ ⎥

⎣ ⎦

R h CO                      if V V V

⎧
⎪
⎪
⎨
⎪
⎪ ≤ ≤⎩

 

              (3) 

Where PR is the rated power of the WTG, CP is a power 
coefficient of the WTG, ρair is the air density, ηW is an 
efficiency of the WTG, AWT is the swept area of the rotor, 
NWT is a number of WTG and Vh is an hourly wind speed. 
The symbols VR, VCI and VCO represent the rated, cut-in and 
cut-out wind speed of the selected WTG respectively. 

4.3. Biomass generator 

Total biomass potential of the study area is estimated as 
66.14 tons/year. The operating hours of the BMG system are 
considered as 11 hours per day. The hourly power output (in 
kW) from the BMG system can be determined by using 
equation (4) [53]. 

860365OH
1000ηCFVQP

BMG

BMGBMBM
BMG ××

×××
=                     (4) 

Where QBM, and CFVBM are the quanity (ton/year) and 
calorific value (kcal/kg) of the biomass respectively; ηBMG 
and OHBMG indicate the total conversion efficiency and daily 
operating hours of the BMG system respectively. The 
calorific value represents the release of energy content from 
the fuel when burnt in the air and can be indicated by the 
higher and lower heating values. The lower heating value of 
the fuel is a proper value for subsequent use [54]. The power 
output from the BMG is calculated by considering the 
quantities and lower heating value of each type of biomass.
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Table 7. Specifications of battery and BDC-CC 

Parameter Unit Value 
Lead acid battery: 
Rated capacity Ah 100 
Rated voltage volt 12 
Depth of discharge % 80 
Charging efficiency % 90 
Discharging efficiency % 100 
Hourly self-discharge rate % 0.02 
Capital cost of unit INR 9300 
Annual O&M cost of unit 
(@ 3% of capital cost) 

INR 279 

Lifespan year 3 
Bi-directional converter with charge controller: 
Rated capacity  kW 25 
Converter efficiency % 95 
Charge controller efficiency % 90 
Capital cost of unit INR 175000 
Annual O&M cost of unit 
(@ 3% of capital cost) 

INR 5250 

Lifespan year 10 
 

The calorific value of biomass such as wheat straw, maize 
stalks, mustard stalks and fuel wood are taken as 17.15 
MJ/kg (4098.94 kcal/kg), 16.67 MJ/kg (3984.22 kcal/kg), 17 
MJ/kg (4063.10 kcal/kg) and 4015 kcal/kg respectively 
[55,56]. 

4.4. Biogas generator 

The biogas potential has been estimated based on the 
daily availability of the cattle dung. The dung production has 
been considered as 10 kg/day for cow and 15 kg/day for 
buffalo. It has been assumed that 0.036 m3 of biogas is 
produced from one kg of cattle dung [56]. The total biogas 
production is estimated as 46.44 m3/day and considered for 
power generation. The operating hours of the BGG are 
considered as 6 hours per day. The hourly power output (in 
kW) of the BGG can be determined by using equation (5) 
[28]. 

860OH
ηCFVQP

BGG

BGGBGBG
BGG ×

××
=            (5) 

Where QBG, CFVBG, ηBGG and OHBGG are the quanty of 
biogas (m3/day), calorific value of the biogas (4700 kcal/m3) 
[56], total conversion efficiency of the BGG and daily 
operating hours of the BGG system respectively. 

4.5. Battery 

The storage batteries are an unavoidable component of 
the off-grid IRES due to the stochastic nature of major RES 
[57]. At any hour t, the state of charge (SOC) of the battery 
can be calculated by using the parameters such as energy 
available on generating bus-bar at hour t, energy demand at 
hour t, battery self-discharging rate and previous hour SOC 
of the battery. During charging, the SOC of battery bank can 
be calculated by using equation (6) [58]. 

( ) ( )( )recchDTgen, ηη(t)E(t)Eσ)(1SOC(t)1)SOC(t ××−+−×=+  

               (6) 

Where σ, Egen,T(t), ED(t), ηch and ηrec indicate the houly 
self-discharging rate of the battery, total energy available on 
generating bus-bar at hour t, energy demand at hour t, 
charging efficiency of the battery and rectification efficiency 
of the converter respectively. 

During discharging cycle of the battery, the SOC can be 
calculated by using equation (7). 

( ) ⎥
⎦

⎤
⎢
⎣

⎡

×

−
−−×=+

invdch

Tgen,D

ηη
(t)E(t)E

σ)(1SOC(t)1)SOC(t           (7) 

Where ηdch and ηinv represent the discharging efficiency 
of the battery and inverter efficiency respectively. 

5. Problem Formulation 

This section presents the formulation of the objective 
function, system design constraints and system design 
parameter. 

5.1. Objective function 

In order to evaluate the economic viability of the system, 
minimization of total net present cost (TNPC) is taken as an 
objective function. The objective function of the proposed 
study is given by equation (8). 

CR

TA

F
CTNPC  :Minimize =             (8) 

Where CTA and FCR indicate the total annualized cost of 
the system and capital recovery factor respectively. 

The capital recovery factor re-builds the present value of 
different system cost into the stream of equal annual cost 
over the project life span. The capital recovery factor can be 
calculated, using equation (9) and (10) [4,9]. 
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+
=             (9) 

inf

infnom
r i1

iii
+
−

=            (10) 

Where ir, np, inom and iinf represent the annual real interest 
rate, project life span, nominal annual interest rate and 
annual inflation rate respectively. 

The total annualized cost of the system is calculated by 
considering the annualized capital investment cost, 
annualized O&M cost and annualized fuel cost of all system 
components using equation (11) [49]. 

TA AC AOM AFC C C C= + +                  (11) 

Where CAC, CAOM and CAF represent the annualized 
capital cost, annualized O&M cost and annualized fuel cost 
respectively for all system components. 
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The annualized capital cost of the system is the sum of 
the annualized capital cost of all system components such as 
PV panel, WTG, BMG, BGG, battery and BDC-CC, and it 
can be calculated by using equation (12). 

( )
6

AC C,m CR,m
m 1

C     C   F
=

= ×∑          (12) 

Where CC,m and FCR,m indicate the capital cost and capital 
recovery factor for mth component of the system respectively. 

Further, the annualized operation and maintenance cost 
of the system is the sum of annualized operation and 
maintenance cost of all system components. It can be 
calculated by using equation (13) [59]. 

( ) ( )
8760 4

AOM OM,i gen,i OM,B OM,BDC-CC
t 1 i 1

C C E (t) C C
= =

⎧ ⎫
= × + +⎨ ⎬
⎩ ⎭
∑∑  

             (13) 

Where COM,i, Egen,i(t), COM,B and COM,BDC-CC indicate the 
O&M cost of ith resource, energy generated by ith resource at 
tth hour, annual O&M cost of the battery and the annual 
O&M cost of the BDC-CC respectively. 

In the present study, the BMG and BGG feedstocks are 
considered as fuel. The annualized fuel cost of the system is 
calculated by using equation (14) [49]. 

( )
( )
BMG BM BMG BM

AF
BGG BG BGG D D

P SC CUF C
C 8760

P SC CUF C Q

⎧ ⎫× × × +⎪ ⎪
= ×⎨ ⎬

× × × ×⎪ ⎪⎩ ⎭

  (14) 

Where SCBM, CUFBMG and CBM represent the specific 
consumption of biomass, capacity utilization factor of BMG 
and cost of the biomass respectively. SCBG, CUFBGG, CD and 
QD indicate the specific consumption of biogas, capacity 
utilization factor of BGG, cost of the dung and the quantity 
of dung required to generate 1 m3 of biogas respectively. 

Finally, the levelized energy cost (LEC) has been 
calculated, using equation (15). 

TG

TA

E
CLEC =            (15) 

Where ETG is the annual generated energy served. 

5.2. System design constraints 

In order to operate the system within pre-specified range 
of different parameters, the system design constraints are 
used in the simulation. The IRES model is optimized with 
following design constraints. 

5.2.1. Reliability constraint 

It is often practical to investigate the system reliability 
during the optimization process. The energy index of 
reliability (EIR) is widely used to evaluate the power 
reliability of the off-grid system [60,61]. The EIR, to 
evaluate IRES reliability, can be calculated by using equation 
(16) to (18). 

TD

AS

E
EEIR =            (16) 

EENSEE TDAS −=           (17) 

∑
=

=
8760

1i
DiEEENS            (18) 

Where EAS, ETD, EENS and EDi represent the actual 
annual energy served, annual energy demand, expected 
energy not served and an hourly energy demand not served at 
ith hour respectively. 

5.2.2. Operating limit constraint of battery bank 

The overcharging and over-discharging of the battery 
drastically reduce its life. In order to prevent the 
overcharging and over-discharging of the battery, its 
operating limit constraints have been used in the simulations. 
At any hour t, the capacity of the battery bank (EBATT) should 
lie between its maximum and minimum operating capacity. 
The related constraints used in the simulations are given by 
equation (19) to (21). 

BmaxBATTBmin E(t)EE ≤≤           (19) 

min
BATTBB

Bmin SOC
1000

NSVE ×⎟
⎠

⎞
⎜
⎝

⎛ ××
=                (20) 

max
BATTBB

Bmax SOC
1000

NSVE ×⎟
⎠

⎞
⎜
⎝

⎛ ××
=          (21) 

Where EBmin, EBmax, VB, SB, NBATT, SOCmin and SOCmax 
represent the minimum operating capacity of the battery 
bank, maximum operating capacity of the battery bank, rated 
voltage of each battery, rated capacity of each battery (in 
Ah), number of battery, minimum SOC value of the battery 
and maximum SOC value of the battery respectively. 

At each hour, the total energy generated is compared 
with the total energy demand and difference is evaluated in 
the algorithm. The surplus energy available can be used for 
battery charging provided the SOC of the battery is below its 
maximum limit. Further, the stored energy of the battery can 
be used during the time when the demand exceeds the total 
generation provided the SOC of the battery is above its 
minimum level. 

5.3. System design parameter 

In the present study, the distribution loss has been 
considered as system design parameter to measure its 
accountability in the system component sizing, system 
reliability and system economy. The actual DL data of the 
concerned distribution company for the study area have been 
used in the analysis. The study area belongs to the operating 
region of the Uttar Gujarat Vij Company Limited (UGVCL). 
The DL data of the UGVCL network are given in Table 8 
[62]. The data from FY 2005-06 to FY 2015-16, given in 
Table 8, represent the actual distribution loss occurred in the 
UGVCL network; however, the DL value for FY 2016-17 
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indicates the projected distribution loss of the network. The 
analysis have been carried out for the DL value of 1 to 15%; 
however, the different results are interpreted at 10 % 
distribution losses. 

6. Optimization 

The unit size optimization of the multi-source integrated 
system is often more complicated due to the involvement of 
a large number of the variables and parameters [63]. The 
heuristic search based algorithms are suitable tools for 
solving the complex problems of optimization. It can 
effectively handle the stochastic nature of the variables and 
easily escape from the local optima in search space [64]. 
Among heuristic techniques, the PSO developed by Kennedy 
and Eberhart [65] is one of the most popular algorithm due to 
its simplicity, good efficiency and fast convergence. PSO is a 
reliable meta-heuristic optimization technique, which reaches 
to the global optimum solution without using expensive 
computational operations [66]. Thus, the developed IRES 
model is optimized using PSO technique in MATLAB 
environment. Initially, the optimal net present cost and 
levelized energy cost of the proposed IRES have been 
evaluated without considering the distribution network losses 
and then further optimized by considering the distribution 
losses. During the optimization process, a care has been 
taken to maintain the system reliability. The implementation 
procedure of PSO algorithm for the formulated problem is 
explained through flow chart shown in Fig. 5. 

The optimal results obtained using the PSO algorithm 
are validated by using the well-established genetic algorithm 
optimization technique. Genetic algorithm is a powerful tool 
for obtaining the optimal sizing of the integrated system 
components [67–70]. GA is a population-based artificial 
intelligence technique, which performs the computations 
using selection, crossover and mutation operators to obtain 
the optimal solution [26]. The steps invloved in GA for the 
formulated problem are depicted by the flowchart shown in 
Fig. 6. The results obtained using PSO and GA algorithm are 
discussed in Section 7. 

6.1. Operational strategy 

In order to find the optimal sizing of IRES components, 
the operational strategy has been developed by considering 

Table 8. Distribution losses of UGVCL network  

Sr. No. Finance year Distribution loss (%) 
1 2005-06 19.45 
2 2006-07 15.82 
3 2007-08 17.35 
4 2008-09 14.57 
5 2009-10 17.36 
6 2010-11 06.61 
7 2011-12 09.81 
8 2012-13 14.50 
9 2013-14 06.54 

10 2014-15 09.20 
11 2015-16 11.07 
12 2016-17 10.00 (projected) 

 
Fig. 5. Flowchart of PSO algorithm 

the various factors such as energy balance between total 
generation and total demand, operating limits of different 
energy sources, seasonally variable loads, required battery 
capacity, system reliability, excess energy (EE) generated 
and distribution losses. 

In the present study, SPV, WTG and bioenergy 
generators are considered for the power generation. The solar 
and wind energy resources are stochastic in nature. Biomass 
and biogas, being more predictable energy resources, are 
useful during the peak hours. The priority of operation has 
been given to the bioenergy resources till its full exhaustion. 
From the energy demand profile of the study area, it is 
observed that the consumption is more during 9th to the 14th 
and 18th to 21st hours in a day. If the operation of bioenergy 
generators is scheduled during these hours, it will be easy to 
satisfy the peak hour demands. Based on the estimated 
potential of the bioenergy resources, the BMG of 15 kWe and 
BGG of 10 kWe are considered in the analysis which can 
operate for 11 hours and 6 hours respectively in a day. The 
operating schedule of BMG and BGG are shown in Fig. 7. 

The steps for operational strategy of developed IRES 
model are discussed below. 

Ø The hourly solar radiation, hourly wind speed, 
hourly energy demand (Dh), hourly output of bio-generators, 
system design constraints and techno-economic specification  
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Fig. 6. Flowchart of GA algorithm 

of IRES components have been considered as simulation 
input in the algorithm. 

Ø At each simulation, the total energy available on 
generating bus-bar is compared with the total energy demand 
and the optimal solution is obtained from the set of decision 
variables where Egen,T is greater than or equal to ETD. 

Ø The distribution loss of the network is estimated and 
the corresponding power reliability of the system is 
evaluated for the optimal IRES configuration. 

Ø Further, an optimal configuration of the IRES is 
again obtained to compensate the distribution losses and 
corresponding values of the Egen,T, TNPC, LEC, EE, NPV, 
NWT and NBATT are evaluated. 

Ø The economic oversize factor (EOSF) for the 
optimal IRES at each DL has been evaluated with respect to 
the DL free optimal IRES based on the comparison of TNPC. 

Ø The sensitivity analysis has been performed to 
measure the effect of the economically influencing 
parameters on behavior of the IRES. 

Ø   Finally, the economic feasibility of the developed 
IRES model has been examined by conducting the break-
even analysis for the grid extension distance. 
 

The flowchart for the operational strategy of proposed 
IRES is shown in Fig. 8. 

7. Results and Discussion 

Following the operational strategy as discussed in 
Section 6.1, the simulation results are obtained for the 
various parameters considered under the present study. The 
life span of the project, annual nominal interest rate and 
annual inflation rate have been considered as 20 years, 10% 
and 6% [71] respectively. The optimal results have been 
obtained in terms of the net present cost and levelized cost of 
the system. In order to have a reliable system, the EIR value 
has been set equal to unity in each simulation. The 
simulation results are divided into following two sub-
sections. 

7.1. Simulation results without considering distribution loss 

The optimal configuration of the IRES has been obtained 
without considering the distribution losses for 0% annual 
energy shortage at the user end using GA and PSO algorithm 
in the MATLAB environment. The optimal results obtained 
using GA and PSO algorithm are given in Table 9. 

For the proposed optimization problem, the optimal 
solution found at 33rd iteration in GA, while the PSO reached 
an optimal solution at 29th iteration. The total computational 
time for the annual analysis have been observed as 3.58 and 
5.11 seconds for the PSO and GA respectively by using the 
Intel Core i5, 3.3 GHz processor with 8 GB memory (RAM) 
based computer system. The iterative convergence curve of 
the GA and PSO algorithm for the total net present cost of 
the system is shown in Fig. 9. 

In comparison with GA, more efficient and superior 
convergence has been achieved by using the PSO algorithm, 
hence further discussion has been made based on the results 
obtained using PSO algorithm. The optimal configuration of 
the proposed IRES consists of two WTG of 3.3 kW, 53 SPV 
modules of 300 WP, one biomass generator of 15 kWe, one  

 
Fig. 7. Operating schedule of BMG and BGG 
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Fig. 8. Operational strategy of proposed IRES 

biogas generator of 10 kWe and 45 batteries of 100 Ah to 
meet the estimated electricity demand. The total annualized 
cost, total net present cost and levelized energy cost of the 
optimal system configuration have been obtained as INR 

Table 9. Optimal results obtained using GA and PSO     
         algorithm 

Sr. 
No. Optimal results Optimization technique 

GA PSO 

1 System 
components 

2 WTG, 72 
SPV module, 
49 battery, 1 
BMG, 1 BGG 

2 WTG, 53 
SPV module, 
45 battery, 1 
BMG, 1 BGG 

2 TAC (INR) 893204.55 859152.74 
3 TNPC (INR) 13953712.81 13421752.84 
4 LEC (INR/kWh) 8.08 7.77 
5 EE (kWh) 12131.05 5246.26 
6 No. of iteration 33 29 

7 Computational 
time (second) 5.11 3.58 

859152.74, INR 13421752.84 and INR 7.77 per unit of 
electricity respectively. For the optimal IRES configuration, 
5246.26 (4.74%) kWh excess energy is generated annually. 
Fig. 10 shows the monthly averaged electrical energy 
generated by different RES for an optimal system. From Fig. 
10, it is found that the BMG contribute maximum in the 
annual energy generation followed by the BGG, SPV and 
WTG. The breakdown of the total net present cost for the 
optimal IRES configuration is shown in Fig. 11. From Fig. 
11, it has been observed that the BMG (48.76 %) contribute 
maximum in TNPC of the optimal IRES followed by the 
battery (20.02%), BGG (15.50%), SPV (7.79%), WTG 
(4.91%) and BDC-CC (3.02 %). 

7.2. Simulation results considering distribution losses 

The distribution loss values of 1 to 15% have been used 
in the simulations and the results are obtained. However, the 
results are interpreted at 10% DL. The optimal configuration 
of the IRES has been obtained at each DL for 0% annual 
energy shortage at the user end. 

7.2.1. Effect on system reliability 

In order to evaluate the effect of DL on IRES reliability, 
the optimal configuration of the IRES as obtained in Section 
7.1 is further considered for the analysis. The EIR of the 
system is evaluated at each DL loss value. The variation in 
EIR for different values of the DL is shown in Fig. 12. It is 
found that the system reliability is decreasing with the rise in 
DL. The result shows that the system reliability gets 
deteriorated, if the DL is not considered in the IRES design. 
From Fig. 12, it is observed that the EIR value is more than 1 
(indicated by red arrow) for DL up to 4.52%. This is due to 
the presence of the excess energy in the system. However, 
from 4.53% onwards the EIR value starts reducing. At 10% 
distribution loss, the EIR value has been evaluated as 0.9427 
(94.27%). It shows that the reliability of the off-grid IRES 
would be compromised by 5.73% if it is designed without 
considering distribution losses of 10%. The results 
 

 
Fig. 9. Convergence curve of GA & PSO for TNPC of IRES 

 
Fig. 10. Monthly averaged energy generated by RES 
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Fig. 11. Breakdown of TNPC for the optimal IRES 

        Configuration 

 
Fig. 12. Effect of DL on IRES reliability 

demonstrate that the distribution losses are significantly 
affecting IRES reliability, if not considered in the design. 

7.2.2. Effect on system component size 

As discussed in Section 7.2.1, the distribution losses are 
significantly affecting the system reliability. In order to 
maintain power reliability of the off-grid IRES, the size of 
the IRES component needs to be revised accordingly. In 
order to evaluate the effect of the DL on the IRES 
component size, the optimal configuration of the IRES is 
obtained at each distribution loss value with 0% annual 
energy shortage at the user end. The number of SPV 
modules, WTG and battery for the optimal configuration of 
the IRES at each DL value are given in Table 10. The size 
and operating schedule of the BMG and BGG are kept fixed, 
hence their details are not included in Table 10. The optimal 
configuration of the IRES at 10% DL consists of three WTG 
of 3.3 kW, 73 SPV modules of 300 WP, biomass generator of 
15 kWe, biogas generator of 10 kWe and 53 batteries of 100 
Ah to meet the estimated electricity demand. The results 
show that the IRES component size is considerably changed 
to compensate the distribution losses. In order to compensate 
10% DL, the additional 20 SPV modules, 1 WTG and 8 
batteries are required to satisfy the estimated energy demands 
compared to DL free optimal IRES. 

7.2.3. Effect on system economy 

In order to compensate the distribution losses, the size of 
IRES components is growing considerably, which will 
increase the overall cost of the IRES. Here, the economic 
increment of the optimal IRES corresponding to DL loss is 
represented by an economic oversized factor. The EOSF has 
been evaluated by taking the ratio of the TNPC of the   

Table 10. Effect of DL on IRES component size 

Distribution 
loss (%) 

No. of SPV 
module 

No. of 
WTG 

No. of 
battery 

0 53 2 45 
1 36 3 44 
2 59 2 46 
3 44 3 46 
4 67 2 48 
5 90 1 5 
6 74 2 50 
7 78 2 51 
8 83 2 52 
9 69 3 52 

10 73 3 53 
11 94 2 54 
12 78 3 54 
13 121 1 58 
14 109 2 58 
15 94 3 58 

 

optimal IRES at DL loss and the TNPC of the DL free 
optimal IRES. The TNPC and LEC of the optimal IRES at 
each DL value are determined and shown in Fig. 13. The 
TNPC and LEC of the optimal IRES at 10% DL are obtained 
as INR 14537289.65 and 8.42 INR/kWh respectively. The 
EOSF for the optimal configuration of IRES at each DL 
value along with the excess energy generated is shown in 
Fig. 14. For the optimal IRES at 10% DL, the TNPC and 
corresponding EOSF have been evaluated as INR 
14537289.65 and 8.31% respectively with an excess energy 
of 6689.38 kWh (6.05%). It shows that the optimal 
configuration of the IRES at 10% DL is economically 
oversized by 8.31% with respect to the DL free optimal 
system. The results demonstrate that the overall economic 
value of the IRES is substantially increased with the rise in 
distribution losses. 

7.3. Comparison of simulation results 
 
The simulation results as discussed in Section 7.1 and 

7.2 are compared for the optimal IRES configuration based 
on the various parameters and given in Table 11. 

8. Sensitivity Analysis 

The sensitivity analysis is performed for the off-grid 
IRES to predict the system behavior with the variation in 

 
 
Fig. 13. TNPC and LEC of optimal IRES at different DL 

        value 
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Table 11. Comparison of simulation results with and without DL 
   

Sr. 
No. Parameter Unit Optimal IRES without 

considering DL 
Optimal IRES with 

10 % DL 
Variation 
observed 

1 TNPC INR 13421752.84 14537289.65 1115536.81 
2 LEC INR/kWh 7.77 8.42 0.65 
3 EIR % 94.27  @10%  DL --- --- 
3 SPV module  Nos. 53 73 20 
4 WTG  Nos. 2 3 1 
5 Battery  Nos. 45 53 8 
6 EE generated kWh 5246.26 6689.38 1443.12 

7 EOSF % --- 8.31 w.r.t DL  free 
optimal IRES --- 

influencing parameters. The sensitivity analysis has been 
performed to examine the economic behavior of the IRES 
with the variation in raw fuel (agro-forest biomass and cattle 
dung) cost and the capital cost of the system components. 
The DL of 10% has been considered in the analysis and the 
optimal IRES configuration is obtained for each input. 

8.1. Increment in biomass cost 

In order to consider the variation in cost of biomass, the 
biomass cost increment factor is introduced in the simulation. 
The value of the biomass cost increment factor has been 
considered from 5% to 50% in the step of 5%. At each value 
of the biomass cost increment factor, the optimal 
configuration of the IRES with 10% DL has been evaluated. 
The TNPC and LEC of the optimal system at each value of 
the biomass cost increment factor are shown in Fig. 15. 
These results show that the TNPC of the optimal IRES varies 
from INR 14573528.05 to INR 15717620.62 for the biomass 
cost increment factor of 5% to 50% respectively. Further, the 
corresponding LEC varies from 8.44 INR/kWh to 9.10 
INR/kWh. 

 
Fig. 14. EOSF with EE at different DL value 

 
Fig. 15. Effect of biomass cost on TNPC and LEC 

8.2. Increment in cattle dung cost 

The cost increment factor has been introduced in the 
simulation to consider the variation in cattle dung cost. The 
value of the cost increment factor has been varied from 5% 
to 50% in the step of 5%, and the simulation results are 
obtained. At each value of the cost increment factor, the 
optimal configuration of IRES is obtained and corresponding 
TNPC and LEC are evaluated. The TNPC and LEC of the 
optimal IRES at each cost increment factor are shown in Fig. 
16. These results show that the TNPC of the optimal IRES 
varies from INR 14601208.69 to INR 15013119.72 for the 
cost increment factor of 5% to 50% respectively. Further, the 
corresponding LEC varies from 8.46 INR/kWh to 8.70 
INR/kWh. From Fig. 15 and Fig. 16, it has been observed 
that the proposed IRES model is more sensitive to the 
variation in cost of biomass compared to the cost of cattle 
dung. 

8.3. Variation in capital cost of IRES components 

The capital cost variation factor, from -20% to +20 % in 
the step of 5%, is used in the simulation to vary the capital 
cost of the IRES components, and the optimal TNPC of the 
IRES are evaluated. The variation in TNPC of the optimal 
IRES with variation in capital cost of the different 
components is shown in Fig. 17. At 20% increment in the 
capital cost of SPV, WTG, BMG, BGG, battery and BDC-
CC, the corresponding TNPC of the optimal IRES are 
observed as INR 14695413.51, INR 14701089.65, INR 
14936167.90, INR 14691459.89, INR 14941155.60 and INR 
14626200.02 respectively. Also, at 20% decrement in the 
capital cost of SPV, WTG, BMG, BGG, battery and BDC-
CC, the corresponding TNPC of the optimal IRES are  

 
Fig. 16. Effect of cattle dung cost on TNPC and LEC 
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Fig. 17. Effect of variation in capital cost of IRES 

         component on TNPC 

observed as INR 14311065.64, INR 14205923.93, INR 
13996311.80, INR 14278231.87, INR 13826539.58 and INR 
14343491.74 respectively. From Fig. 17, it is seen that the 
TNPC of the optimal IRES is significantly changed with the 
variation in capital cost of the different IRES components. 
These results show that the proposed IRES model is more 
sensitive to the variation in capital cost of the battery and 
BMG compared to other system components. 

9. Break-even Analysis for Grid Extension Distance 
 
The break-even analysis for the grid extension distance 
determines how far the off-grid site should be from an 
existing distribution point so that the off-grid system is cost 
effective compared to constructing the transmission line [72]. 
In order to identify the break-even point, the TNPC of grid 
extension has been evaluated and compared with the TNPC 
of the optimal IRES. The TNPC of grid extension has been 
evaluated by considering the capital cost of the transmission 
line, cost of tapping from the last distribution point, O&M 
cost of the line and energy consumption cost. The capital 
costs of the transmission line and tapping from the last 
distribution point are taken as INR 875431/km and INR 5918 
respectively. The O&M cost and aggregate energy 
consumption charge have been taken as 2.5% of the capital 
cost of transmission line and 4 INR/kWh respectively. The 
above mentioned cost data were obtained from the 
administrative office of the UGVCL, Mehsana, Gujarat, 
India for FY 2016-17. The TNPC of the grid along with the 
TNPC of the DL free IRES and IRES with 10% DL are 
plotted against the length of transmission line as shown in 
Fig. 18. From Fig. 18, it has been observed that the break-
even points for the DL free optimal IRES and optimal IRES 
with 10% DL are 4.762 km and 5.674 km respectively. These 
results show that the break-even point is affected by the DL. 
At 10% DL, the break-even distance of the optimal IRES is 
increased by 0.912 km than DL free optimal system. 
However, the break-even distance in both the cases are less 
than 8 km, hence the proposed IRES can provide more cost 
effective means for rural electrification in the study area than 
grid extension. Moreover, it is also observed that the TNPC 
of grid extension after break-even points is considerably 
increased and reaches to INR 17383022.68 at 8 km line 
length. Thus, the proposed IRES model is found a feasible 
option for rural electrification in the study area against grid 
extension provided its TNPC is below INR 17383022.68. 

 
Fig. 18. Break-even analysis for grid extension distance 

10. Conclusions 
 

In this study, the modeling and economic analysis of the 
off-grid IRES for electrification of the remote rural area 
having scattered population has been undertaken. The IRES 
model is developed using locally available renewable energy 
sources such as solar, wind, biomass and biogas, and 
optimized by using the PSO algorithm in MATLAB 
environment. The results were validated by using GA. 
Further, an impact of the distribution losses on the power 
reliability, component size and economy of the IRES has 
been demonstrated. It has been found that the distribution 
losses significantly affect the power reliability, if not 
considered during IRES design. Furthermore, the results 
demonstrated that the system component size and overall 
economy of the IRES are considerably increased with the 
rise in distribution losses. The results also indicate that the 
proposed IRES model is more sensitive for the variation in 
biomass cost and capital cost of the battery and BMG. 
Further analysis showed that the proposed integrated system 
is economically feasible option for rural electrification of the 
considered study area rather than grid extension. The 
proposed IRES model can be useful for prediction of the 
impact of distribution losses on the power reliability, 
economy and size of the IRES before actual implementation. 
Moreover, the economic viability of the project can be 
predicted for any size and configuration of the IRES, which 
can be useful in planning and policy-making of the off-grid 
IRES based projects having scattered loads. 
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Abbreviations 

BDC-CC Bi-directional converter with charge 
controller 

LEC Levelized energy cost 

BGG Biogas generator LED Light emitting diode 
BMG Biomass generator O&M Operation and maintenance 
DL Distribution losses PSO Particle swarm optimization 
EE Excess energy PV Photovoltaic 
EENS Expected energy not supplied RE Renewable energy 
EIR Energy index of reliability RES Renewable energy sources 
EOSF Economic oversize factor SOC State of charge 
GA Genetic algorithm SPV Solar photovoltaic 
GEDA Gujarat energy development agency TNPC Total net present cost 
IMD Indian meteorological department UGVCL Uttar Gujarat vij company limited 
IRES Integrated renewable energy system WTG Wind turbine generator 
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