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Abstract 

Reliable electricity supply remains a major problem in rural India nowadays. Renewable 

off-grid solutions have been applied in the last decades to increase power supply reliability 

but often failed to be feasible due to their high energy costs compared to the national grid. 

Grid Integrated Mini-grids with Storage (GIMS) can provide reliable power supply at an 

affordable price by combining mini-grids and national grid facilities. However, research on 

the techno-economic feasibility of these systems in the country is very limited and 

unavailable in the public sphere. This research project analysed three different aspects of the 

GIMS feasibility. First, the feasibility of the use of hybrid wind and solar Photovoltaic (PV) 

systems in GIMS was analysed by comparing the Levelised Cost of Electricity (LCOE) and 

Net Present Cost (NPC) of solar PV and hybrid PV/Wind GIMS systems. Second, the 

potential savings GIMS can offer due to the possibility of selling power to the grid were 

quantified by comparing the LCOE and NPC of the system with and without grid export. 

Lastly, the cost of reliability of the power supply was represented by the influence of the 

allowed percentage of capacity shortage on the total cost of the system. The analysis was 

carried out by means of the software HOMER and was based on three case studies in India. 

The results of this analysis showed that the use of hybrid systems could generate savings of 

up to 17% of the LCOE of the GIMS system in comparison to solar mini-grids. Moreover, 

power sales to the grid enabled LCOE savings up to 35% with respect to mini-grid without 

power sell-back possibility. In addition, the LCOE could be reduced in between 28% and 40% 

in all cases by enabling up to a 5% of capacity shortage in the system.  



Sammanfattning 

En tillförlitlig elförsörjning är ett stort problem på landsbygden i Indien. Elnätslösningar 

baserade på förnybara energikällor har undersökts under de senaste decennierna för att öka 

tillförlitligheten men har ofta misslyckats i genomförandefasen på grund av höga 

energikostnader jämfört med i det nationella nätet. Nätintegrerade mini-grids med 

energilagring (GIMS) kan ge tillförlitlig strömförsörjning till ett överkomligt pris genom att 

kombinera mini-grids och nationella elnätsanläggningar. Forskningen om den teknisk-

ekonomiska genomförbarheten av dessa system i landet är emellertid mycket begränsad och 

otillgänglig inom den offentliga sfären. I den här studien analyseras tre olika aspekter av 

GIMS-genomförbarheten. För det första analyserades genomförbarheten av att använda 

hybrida vind- och solcellssystem i GIMS genom att jämföra ”Levelised Cost of Electricity” 

(LCOE) nivån och nuvärdeskostnaden (NPC) för solcellssystem (PV) och hybrid PV/Vind 

GIMS-system. För det andra kan de potentiella besparingar GIMS erbjuder, genom 

möjligheten att sälja elenergi till nätet, kvantifieras genom att jämföra LCOE och NPC i 

systemet med och utan ”nätexport”. Slutligen studeras kostnaden för tillförlitligheten hos 

strömförsörjningen i förhållande till accepterad kapacitetsbrist med avseende på systemets 

totala kostnad. Analysen har utförts med hjälp av mjukvaran HOMER och grundas på tre 

fallstudier i Indien. Resultaten av denna analys visar att användningen av hybridsystem skulle 

kunna generera besparingar på upp till 17% av LCOE i GIMS-systemet i jämförelse med 

enbart PV-baserade mini-grids. Försäljning av elenergi till nätet möjliggör LCOE-besparingar 

på upp till 35% med i förhållande till mini-grids utan möjlighet till export. Slutligen: LCOE 

kunde reduceras mellan 28% och 40% i samtliga fall genom att tillåta upp till 5% 

kapacitetsbrist i systemet. 
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1 Introduction 

Today, about 1.2 billion people lack access to electricity worldwide. Over 20% of this 

population (244 million people) is located in India, primarily in rural areas [1]. Even among 

the 81% of the country that have access to electricity, long power cuts and poor electricity 

quality are still major problems. The main reasons for these power cuts are shortages in the 

coal supply to utilities, large transmission and distribution losses, and poor financial 

management of distribution companies [2]. In addition, India is facing an environmental 

crisis due to its rapidly growing population and consequent energy demand growth within a 

coal based energy system. According to a report of the International Renewable Energy 

Agency (IRENA), the implementation of renewables in the next 15 years will be the key to 

secure energy supplies in India [3]. In order to address this sustainability crisis, the Indian 

government has set the goal to achieve 175 GW of installed renewable energy by 2022, 

which would contribute to approximately 20% of the expected electricity consumption of 

the country by that time. 

Different renewable energy solutions such as stand-alone solar systems and mini-grids have 

been implemented in remote areas to achieve reliable electricity supply. However, many of 

them don‟t provide real autonomy to the end-user or they fail to be feasible after their 

implementation, commonly due to the lack of income to address component replacement 

and operation and maintenance expenses. Furthermore, in a framework of constant grid 

expansion in the country, the fear that the grid arrival to a certain location would render 

off-grid systems useless has spread lately among energy system investors. 

Grid Integrated Mini-grids with Storage (GIMS) have the potential to provide reliable 

electricity access to rural communities while generating revenues. Besides serving as power 

back-up to the main grid, GIMS provide a sustainable power source from which excess 

electricity can be sold-back into the national grid, generating a source of income to make 

their operation and maintenance feasible. Therefore utilities can benefit from additional 

generation sources for last-mile power supply while customers have reliable electricity 

access for a price generally lower than the achievable by off-grid systems. Nevertheless, 

GIMS installation always entails an investment, no matter if a new GIMS is installed or an 

existing mini-grid is upgraded and connected to the grid. While the grid connection and 

upgrade of an existing mini-grid is mostly determined by the available system, capital 

investment and O&M costs can be reduced considerably in new-installed GIMS by 
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optimizing the size of the system. In particular energy storage, normally consisting in a set 

of batteries, accounts for a high share of mini-grids capital expenditure (CAPEX), being 

usually the most expensive component of the system. Therefore, the reduction in the storage 

required in GIMS can lead to significant cost savings of these systems. However, due to the 

high variability of renewable sources such as solar photovoltaic and wind power, storage is 

required in these systems in order to meet the system load reliably. 

The combined use of wind and solar power can provide a more constant power supply 

reducing to a certain extent the storage requirements in energy systems. The complementary 

character of these resources enables a more regular energy production reducing the hours of 

storage needed. However, the share of each of these power sources as well as the storage 

required in an energy system will depend on the local resource availability and the demand 

to be satisfied by the system, requiring specific size optimization based on these conditions. 

Three GIMS systems are optimized in this research with the aim to analyze three aspects of 

GIMS systems: First, to determine how the use of hybrid solar photovoltaic and wind power 

systems can affect the storage needed and the cost of GIMS in comparison to exclusively 

solar powered GIMS systems. Second, the potential of GIMS to reduce the costs of power 

back-up in comparison to off-grid mini-grids by means of the possibility to feed excess 

power into the grid aims to be quantified in this report. Lastly, the cost of reliability of 

power supply with GIMS is studied in this research. For this purposes, the modeling tool 

HOMER (Hybrid Optimization Model for Multiple Energy Resources) has been used. 

Among other hybrid system simulation software tools such as HYBRID2 and HYSYS, 

HOMER was selected for this study due to its thorough economic analysis and its size 

optimization capability. HOMER is the most widely used software for hybrid energy system 

simulation and techno-economic analyses [4]. Although it doesn‟t analyse the power quality 

of the system output, which is an important factor for grid-tied mini-grids, HOMER 

provides the most complete combination of techno-economic analysis and size optimization 

of hybrid systems. Since the aim of this research is to analyse the benefits of GIMS 

compared to off-grid mini-grids in terms of system sizing and cost, HOMER was considered 

the most suitable tool for this purpose. 
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2 Literature review 

As introduced in the previous section, GIMS can offer feasible, reliable power supply to 

rural communities thanks to the sell-back benefits of their grid interconnection. However, 

the connection of mini-grids to national electric grids is an emerging practice in the Indian 

subcontinent [5]. International experience in grid connected mini-grids for rural 

electrification and decentralized generation has generally focused in the small hydropower 

sector so far. Many of these cases consist in previously existing stand-alone hydropower 

plants that have been connected to the grid upon its arrival to their location. This is the case 

of most grid integrated hydropower systems in China, which have been connected to the 

national grid during the past decades [6]. In Nepal, micro-hydro mini-grids have been 

interconnected and synchronized with each other to improve the robustness of the 

grids [5] [7]. In Tanzania, there is existing policy on power injection to the grid by small 

power producers as well as appropriate guidelines with technical standards and protocols for 

grid interconnection [8]. Nevertheless, very limited technical and operational experience is 

available for these technologies in the public sphere in India. The lack of experience of good 

practices in these projects, which could serve as base for framing technical standards and 

policies for GIMS, hinders the creation of specific regulation in this area.  There is currently 

available regulation for the connection of energy systems to the Indian national grid. The 

Central Electricity Regulatory Commission (CERC) published in 2010 the Indian Electricity 

Grid Code setting technical requirements for any power generation unit connected to the 

Indian national grid [9]. Moreover, the Central Electricity Authority (CEA) published 

detailed requirements for any generation resource feeding power into the grid at voltage 

levels below 33kV in their regulations of 2010, 2013 and posterior amendments and 

clarifications [10] [11] [12]. In addition to operational and construction requirements, these 

institutions set power quality regulations according to the international standards of the 

Institute of Electrical and Electronics Engineers (IEEE) and the International 

Electrotechnical Commission (IEC) [13] [14]. A review on the standards and 

recommendations from both institutions pertaining to power quality problems can be found 

in [15]. The main standards that specify the requirements for any power line connection to 

the Indian national grid, are IEC/EN 61000-3-2 (Emission limits for harmonic currents of 

electronic devices up to 16 A nominal current) [16], IEC 61000-3-4 (Limitation of emission 

of harmonic currents in low-voltage power supply systems for equipment with rated current 

greater than 16 A) [17] and IEEE-519-2014 (IEEE Recommended Practice and 

Requirements for Harmonic Control in Electric Power Systems) [18]. In addition, the first 
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state-wide policies on mini-grids in India were published in the state of Uttar Pradesh by the 

Government of Uttar Pradesh and the Uttar Pradesh Electricity Regulatory Commission 

(UPERC) in February and April of 2016 [19] [20]. Later in the same year, the Ministry of 

New and Renewable Energy (MNRE) of India published the draft National Policy for 

Renewable Energy Based Mini and Micro Grids [21], creating a regulatory framework for 

mini-grid policies at the national level. Although this document allows mini-grids to be 

connected to the Indian distribution network, it provides very limited information on how 

the interconnection should be implemented and operated. In addition, there are gaps and 

controversial aspects between the latter document and the international regulation on grid 

interconnection of power systems in force in India [22]. No international entity has agreed 

on standard regulation on grid interconnection of mini-grids so far [23]. The publication of 

the report „Beyond Off-grid: Integrating Mini-grids with India‟s Evolving Electricity 

System“ in 2017 aimed to provide a framework for national grid and mini-grid operators to 

cooperate in the integration of mini-grids in the Indian electricity system [22]. This 

document, published by Okapi Research & Advisory in cooperation with Asha Impact Trust, 

The Rockefeller Foundation and Shakti Sustainable Energy Foundation, is based in existing 

policy research and the experimental experience of several ongoing projects of grid 

integrated mini-grids in the country. For the first time in India, this report provides detailed 

operational information on the different interconnection methods in terms of power import 

and export between mini-grids and the national grid. However, information on the technical 

aspects of these interconnection options is lacking in the document. In addition, very limited 

research on the techno-economic feasibility of these systems in the country has been 

published so far. Multiple techno-economic analyses have been carried out for hybrid 

off-grid mini-grids and stand-alone-systems in India [24] [25] [26] [27]. Furthermore, 

diverse research projects in hybrid grid tied systems have been carried out in neighbouring 

countries such as Pakistan and Bangladesh [28] [29]. However, the research in the field of 

grid-tied mini-grids in India is limited and generally focused in exclusivelly solar 

mini-grids [30] [31]. In order to impulse implementation of hybrid GIMS and the creation of 

regulatory framework for these systems in the country, this thesis project aims to contribute 

to the research in hybrid GIMS by providing simulation-based information on the feasibility 

of such projects in India. 
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3 Background 

This section includes all relevant principles and information for the correct understanding of 

the presented research and results. First, a review on the Indian energy system is provided, 

followed by technical contents on the different technologies and tools that are referred to in 

this thesis. 

3.1 Energy and climate situation in India 

India has an average electricity consumption of 1,122 kilowatt-hour (kWh) per capita per 

year [32], which is considerably low in comparison to other countries. However, the vast 

population in the country makes it the fourth largest electricity consumer in the world [33]. 

In addition, India is the third largest electricity producer in the world and the sixth country in 

the world in terms of total installed renewable power generation capacity. The total 

renewable energy installed capacity in the country was 58.3 GW by July 2017, of which 

32.5 GW were from wind power, 13.1 GW from solar power, 8.3 GW from bio-energy and 

4.4 GW from small hydro-power [34] [35]. However, the main pillar of the Indian energy 

system remains its coal fired thermal plants. By the end of July 2017 the total installed 

power generation capacity was 330 GW from which 67% was thermal energy (58.9% coal, 

7.6% gas and 0.3% oil)  and approximately 18% was renewable energy [34] [36].  

The consumption of fossil fuels, especially coal, has increased considerably in the past 

decades in India and is expected to continue growing in the coming period. According to 

IRENA, the coal demand of the country is expected to reach 1,300 million tonnes per year 

by 2025, from which 15% would be imported from other countries [37]. The high 

consumption of fossil fuels has led to significant environmental issues in the country. India 

is the third country in the world in terms of total greenhouse gas (GHG) emissions after 

China and the USA (see Figure 1).  The countrys total GHG emissions exceeded 3 million 

kilotons of CO2 equivalent in 2012 and is expected to continue growing with the increase of 

fossil fuel consumption [38]. As a consequence, major cities such as New Delhi and Kolkata 

are facing critical air pollution issues. In fact, the Indian capital has been the most polluted 

city in the world several times during the past year, exceeding considerably the air pollution 

limits established by the World Health Organization [39].  
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Figure 1: Greenhouse gas emissions per country in kt of CO2 equivalent. 

Reliable access to electricity is another major challenge nowadays in India. By 2014 about 

244 million (19% of the country‟s population) lacked electricity access [1]. Although the 

electrification rate has improved rapidly in the past years thanks to the Governments grid 

extension initiatives [40], increasing the electrification ratio from 81% to 88% in 2016, 

certain states such as Bihar remain with electrification rates lower than 60% [41]. Even 

among the electrified sector, most remote areas in India face long power cuts and poor 

electricity quality problems, mainly caused by the deficient grid infrastructure in the 

country. India has the highest transmission and distribution losses in the world, with an 

average of 26% of the total generated electricity, without accounting for theft losses. If theft 

losses due to illegal grid connections are taken into account, the total transmission losses 

amount up to 50% in some regions of the country [37]. This leads to frequent blackouts of 4 

to 8 hours in some rural regions and scheduled load-shedding cases of up to 4 hours per day 

in certain states. As a consequence, renewable energies, often in form of off-grid solutions, 

have become an attractive option to overcome these unreliability problems in rural areas. 

The total installed off-grid and self-generation capacity in India by the end of 2015 

was 1.2 GW. 

In order to deal with the described issues, the Indian Government has set ambitious targets 

for further capacity installation in the coming years: 175 GW of renewable energy capacity 

are to be installed in the country by 2022, including 100 GW of solar energy, 60 GW of 

wind energy, 10 GW of biomass and 5 GW of small hydro. In addition, India committed in 

the COP 21 to increase its renewable energy capacity to 40% of the total installed capacity 
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by 2030 [37] [42]. These targets, especially the ones for solar and wind power, may seem 

ambitious considering the currently installed capacity in the country. However, India has 

exceptional solar and wind resources that offer a vast potential for further installation of 

these technologies. The average solar radiation intensity in the country is 200 MW/km
2
, 

making the country ideal for solar energy applications. Figure 38 in Appendix B.1   shows 

the average annual GHI in the country based on 10 years data from the National Renewable 

Energy Laboratory (NREL) database. The National Institute of Solar Energy (NISE) in India 

has estimated total solar power potential of 748.98 GW in the country [43]. 

Furthermore, The National Institute for Wind Energy (NIWE) has estimated the wind power 

potential of the country on 302 GW at a hub height of 100 meters above the ground level. 

The major states in terms of wind power potential are Tamil Nadu, Gujarat, Karnataka, 

Maharashtra and Rajasthan [42].  Figure 40 in Appendix B.2  shows the wind power density 

across India at a height of 50 m above the ground level. 

In addition to its great potential for solar and wind energy installations, India offers, together 

with China, the cheapest renewable energy installation costs in the global market. Figure 2 

presents the weighted average (black horizontal line) and the range (coloured bars) of 

installation costs of utility-scale power generation systems in the period 2013/2014. 

 

Figure 2: Typical ranges and weighted averages for the total installed costs of utility-scale renewable power 

generation by region in 2014 [44]. 
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It can be observed that the average total installed costs in India can be lower than the half of 

the costs in certain countries. However, significant variability can be observed on the solar 

photovoltaic installation costs, which reach about 2.5 times the weighted average in some 

cases. Onshore wind systems installation cost, in contrast, present lower variability, differing 

from their weighted average in about 0.4 times this value. 

The reduced installation costs in comparison to other countries are also reflected in the 

Levelised Cost of Electricity (LCOE) of renewable energy systems, which are shown in 

Figure 3 by region and technology for the year 2014.  

 

Figure 3: Levelised Cost of Electricity (LCOE) by region and technology in 2014  

The impulse of solar and wind power deployment in the past years, together with the fast 

learning curves of these technologies, has made these energy prices even lower than the 

values in the figure. Several bids for solar photovoltaic projects under the Governments 

support in 2015 came in at rates below 0.08 USD/kWh (INR 4.75/kWh), and in early 2016 

all bids came in at around USD 0.06-0.07/kWh (INR 4.2-5.0/kWh) [37].  
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3.2 Grid Integrated Mini-grids with Storage (GIMS) 

Grid Integrated Mini-grids with Storage (GIMS) are renewable energy mini-grid systems 

that are connected to a national power grid to provide feasible and reliable electricity supply 

to a certain community or hamlet. The connection of GIMS to the grid may occur during 

their installation or by upgrading an existing mini-grid for its grid interconnection post-

implementation. GIMS generally consist of a renewable power generation unit along with 

the required inverters and additional components, a storage bank consisting of a set of 

batteries, an AC/DC converter, an automatic transfer switch (ATS) to change the power 

source that feeds the load depending on the grid availability, a transformer and all additional 

switches and safety devices for the secure connection to the grid. In addition, smart meters 

must be included in the system to measure the power sales to the load and to the grid. Figure 

4 shows an example of the layout of a GIMS system. The meters M1 and M2 in the figure 

measure the grid sales from the system to the load and the grid respectively. 

 

Figure 4: Schematic representation of a GIMS with AC coupling 

The interconnection of mini-grids to the national distribution grid can bring technical, 

operational and financial benefits not only to the community but also to the implementation 

and distribution companies involved in the project. These benefits are explained in the 

following section. However, the implementation of GIMS also entails diverse challenges, 

which are reviewed likewise in a following section of this chapter. 
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Benefits of GIMS 

In order to improve the reliability of power supply to a community, GIMS aim to serve as 

power back-up to the national grid. Furthermore, GIMS bring the possibility of feeding back 

excess power into the grid, generating sell-back revenues for the community or renewable 

energy service provider (RESCO) owning the system. This way GIMS provide a source of 

income to address operation and maintenance (O&M) and component replacement costs, 

making their operation feasible throughout their complete lifetime. Moreover, the 

combination of electricity supply from the national grid and a mini-grid system allows 

reducing the cost of reliable power compared to off-grid mini grids: customers only need to 

purchase power from the mini-grid system in case of a power cut in the main grid, enjoying 

both power reliability and the economic prices of the national grid when available.  

Even beyond their advantages for end-users, GIMS aim to benefit electricity distribution 

companies (DISCOMs) and RESCOs in different aspects of electricity transmission and 

supply. First, the burden of grid extension on DISCOMs can be reduced by making use of 

existing infrastructure. Not only mini-grids that exist prior to the grid extension may 

contribute to this purpose, but also the implementation of GIMS from scratch can relief 

DISCOMs from major distribution tasks and infrastructure. Moreover, GIMS can contribute 

to reduce losses from theft and unmetered connections to the grid by means of their 

additional metering systems. Lastly, GIMS aim to eliminate the fear of mini-grids becoming 

useless when the grid reaches their location. By means of different grid interconnection 

methods, which are explained in Appendix A  of this document, RESCO‟s mini-grids can 

serve DISCOMs in diverse generation and distribution duties in remote areas. 

Nonetheless, being GIMS a newly developed technology, different challenges are to be 

addressed. Information on these challenges is provided in the following section. 
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Challenges associated to GIMS 

As a recent technology that involves a variety of stakeholders, GIMS are exposed to diverse 

challenges in terms of technical performance, operation, regulation, and feasibility. These 

are divided in the following in technical, operation and regulation, and financial challenges. 

Technical challenges  

State-of-the-art components have been used in the past decades for the implementation of 

mini-grids by different RESCOs in India. However, the interconnection of mini-grids with 

the national distribution grid is a recently implemented technology in the country [45]. The 

lack of experience in this kind of projects makes DISCOMs reluctant about GIMS regarding 

safety concerns related to grid connection. These safety concerns are usually associated to 

those GIMS which export excess power to the grid. As has been mentioned in the previous 

chapter, different power quality standards need to be met by any system inserting power into 

the Indian national grid [14]. The interconnection of different electronic components such as 

switching devices and transformers, among other, in an energy system can lead to power 

quality issues such as voltage and frequency fluctuations, voltage sags and harmonic 

distortion [46]. Harmonic distortion problems are especially relevant for the connection of 

mini-grids into the national grid. Non-linear loads being present in power systems are 

responsible of harmonic distortion in the power line and consequently deformation of its 

waveform. Harmonic distortion propagates through different components in a power system 

and can lead to undesired phenomena such as overheating of cables and equipment, 

efficiency losses in the system and increased resonance probability [15].  

In order to avoid these phenomena, any power generation unit connected to the Indian 

national grid must meet the requirements set in IEEE-519-2014 (IEEE Recommended 

Practice and Requirements for Harmonic Control in Electric Power Systems) [18]. This 

regulation document specifies the limits of total harmonic distortion and harmonic current 

distortion allowed in an energy system to be connected to the grid. Table 1 shows the 

individual harmonic and total harmonic distortion (THD) in percent of the bus voltage at the 

point of grid interconnection, hereafter called point of common coupling (PCC). 
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Table 1: Voltage distortion limits according to IEEE-519-2014 [47] 

Bus voltage V at PCC* Individual harmonic (%) 
Total harmonic distortion 

THD (%) 

V ≤ 1.0 kV 5.0 8.0 

1 kV < V ≤ 69 kV 3.0 5.0 

69 kV < V ≤ 161 kV 1.5 2.5 

161 kV < V 1.0 1.51 

* PCC = Point of Common Coupling 
1  High-voltage systems can have up to 2.0% THD when the cause of distortion is a High 
Voltage Direct Current ( HVDC) terminal which effects attenuate at points in the network 
where future users may be connected. 

Based on the same IEEE standard, Table 2 specifies the maximum harmonic current 

distortion that is allowed in a power system as a percentage of the maximum demand load 

current (IL) at the PCC. 

Table 2: Maximum harmonic current distortion as percentage of IL according to IEEE-519-2014 [47] 

ISC*/IL** 3 ≤ h 1 < 11 11 ≤ h < 17 17 ≤ h < 23 23 ≤ h < 35 35 ≤ h < 50 TDD 

< 20 2 4.0 2.0 1.5 0.6 0.3 5.0 

20 < 50 7.0 3.5 2.5 1.0 0.5 8.0 

50 < 100 10.0 4.5 4.0 1.5 0.7 12.0 

100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0 

> 1000 15.0 7.0 6.0 2.5 1.4 20.0 

 *  ISC =  maximum short-circuit current at PCC  
** IL  =  maximum demand load current (fundamental frequency component) at the PCC under      

normal load operating conditions 
1      h represents the individual harmonic order for odd harmonics. Even harmonics are limited to   

25% of the odd harmonic limits above.  
2    All power generation equipment is limited to these values of current distortion, regardless of 

actual ISC/IL. 
Current distortions that result in a dc offset, e.g., half-wave converters, are not allowed. 

The mentioned regulation standards and values are not referred to mini-grids in particular 

but to any power system which aims to be connected to the national distribution grid. 

Regulation related to mini-grids and their grid connection is discussed in the following 

section. 
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Operation and regulation challenges 

As exposed before, grid integrated mini-grids are a recently implemented and researched 

technology in India. Due to the reduced experience in these projects, best practices for grid 

interconnection of mini-grids have not yet been widely developed and approved [23]. 

Standard regulation for grid connection of mini-grids with storage does exist at an 

international level, as has been explained in the previous section. Moreover, as introduced in 

chapter 2, the existing regulation in India for the operation of mini-grids and grid connection 

of power systems presents gaps and controversial information about the requirements and 

operational procedure for the interconnection of mini-grids to the national grid. This lack of 

regulatory framework and standardization for grid interconnection of mini-grids leads to 

confusion and delay on the approval of GIMS projects. Extensive administrative effort and 

human resources are necessary to reach agreements on the implementation procedure for 

such projects, resulting in long implementation periods. Publication of guidance on GIMS 

implementation and operation based on previous experience is necessary to enable the 

standardization of good practices in this kind of projects. Thus, the research, implementation 

and evaluation of decentralized renewable energy solutions in form of GIMS are necessary 

for GIMS development.  

Moreover, the long periods required for the implementation of GIMS undermine the 

motivation of investors and political entities to get involved in this kind of projects. The 

frequent relocation of government officials due to elections or cabinet reshuffling results in 

position changes in many state-linked entities such as DISCOMs. This jeopardizes the 

implementation of long-term projects in a timely manner, sometimes leading to their 

cancellation during the project execution. For this reason, politicians tend to focus on 

shorter-term goals than those required for GIMS projects.  

In addition, the lack of transparency in grid extension projects hinders the collaboration 

between RESCOs and DISCOMs. RESCOs have reduced information regarding grid 

extension plans to remote areas, which is a notable complication in terms of GIMS project 

planning. Increased transparency in the grid expansion process could improve the 

collaboration between RESCOs and DISCOMs on projects such as GIMS implementation.   
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Financial challenges 

Although GIMS address mini-grid related challenges such as electricity fee collection, other 

financial challenges like component replacement and operational and maintenance costs still 

apply to GIMS. The interconnection of these systems to the grid also requires the purchase 

of expensive components such as transformers and bi-directional of grid-tied converters, 

along with additional metering devices, which are not required for off-grid solutions. 

Furthermore, safe connection to the grid requires additional electric components which 

increase the system expenses in comparison to off-grid mini-grids.  

In addition, as was explained in the previous section, these types of projects are highly 

capital-intensive in terms of human resources due to their long gestation periods, which 

entail a higher cost throughout the whole project period compared to off-grid mini-grids. 

GIMS solution by SELCO Foundation 

SELCO Foundation was founded in 2010 as the charitable organization and research and 

development (R&D) centre of SELCO India Private Limited (Pvt. Ltd.).  

SELCO India Pvt. Ltd. is a for-profit social enterprise with its main headquarter in 

Bangalore, India. Since 1995 SELCO has played an instrumental role in improving living 

standards of poor communities in rural India by means of solar home lighting and thermal 

systems. Besides the for-profit applications of SELCO India Pvt. Ltd., the SELCO group 

addresses sustainable rural development and business creation through the SELCO 

Foundation and SELCO Incubation. With 46 branches in the state of Karnataka and 55 

branches across India, the SELCO group is present in most of the country (see Figure 5).  

Based on the over 20 years‟ experience of SELCO India Pvt. Ltd. in the solar energy sector, 

SELCO Foundation provides innovative, renewable energy solutions to rural communities 

and businesses with the vision of building ecosystems for their sustainable development in 

the long term. As an open source, not for profit, public charitable trust, SELCO Foundation 

is funded by Corporate Social Responsibility (CSR) funds as well as private investors such 

as the German association for international cooperation (GIZ) and the United States 

Association for International Development (USAID). However, in order to promote a sense 

of ownership and responsibility in the end-user, SELCO Foundation only funds a part of 

their energy systems by means of these funds, hence the end-user needs to contribute with a 

part of the investment of the system.  
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Figure 5: Presence of the SELCO group in India 

In order to address the challenges introduced in the previous section, the SELCO Foundation 

has been working on a feasible process document with guidance for GIMS during the past 

years, which aims to serve as knowledge source for the implementation of these projects and 

foster the creation of regulation in this area.  The information and advice in this document is 

based in SELCO Foundation‟s experience in the field and further technical and policy 

research on GIMS, both in the national and international sphere. The document provides 

guidance on GIMS planning and execution as well as accurate procedure on operation and 

administration of GIMS projects. Detailed explanation on the rolls, responsibilities and 

interactions of the different stakeholders involved in these projects are also included in this 

guidance. Lastly, the feasibility of GIMS systems is one of the main focuses of the 

document. This research aims to analyse the feasibility of GIMS systems for different 

locations and load levels to enhance the techno-economic knowledge of the SELCO 

Foundation in this aspect of GIMS systems. 
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3.3 Hybrid solar and wind power systems 

Hybrid solar photovoltaic (PV) and wind power systems combine the use of photovoltaic 

panels and wind turbines in order to maximize the total energy output and efficiency of the 

system. An overview on solar PV and wind power systems is provided in the following, as 

well as a review on the main benefits and challenges of their combination. 

Solar photovoltaic systems 

Solar photovoltaic systems use the energy available in solar radiation to produce electricity. 

Solar radiation is constantly emitted by the sun, which acts as a black body with surface 

temperature of 5,778 K. However, not all the solar radiation emitted by the sun reaches the 

earth surface. Part of the solar radiation is captured or reflected by the atmosphere particles 

or may suffer direction and intensity changes through interaction with clouds and other 

particles. Hence, three different components of the solar radiation may arrive to the surface 

of a photovoltaic panel: direct or beam radiation, which arrives to the surface unaltered, and 

diffuse radiation, which has changed its direction and/or intensity through contact with other 

atmospheric elements, and in the case of inclined solar panels, radiation reflected on the 

Earth surface. The total radiation reaching the collector is the addition of these components. 

Solar irradiance is the measurement unit for solar radiation on a surface and it‟s generally 

measured in W/m
2
.
 
The Global Horizontal Irradiance (GHI) is the magnitude that quantifies 

the total radiation per unit of space that reaches the Earth surface throughout a period of 

time, generally a day. GHI data throughout the period of one or more years are used to 

assess the photovoltaic energy generation potential on a particular location [48].  

Solar photovoltaic energy generation consists in the conversion of solar radiation into 

electric energy by means of the photovoltaic effect. The photovoltaic effect consists in the 

creation of an electric current or flow of electrons due to the exposure of these electrons to 

light. This phenomenon takes place in devices called solar cells, which are made of 

semiconductor materials such as Silicium. An example of a solar photovoltaic cell is shown 

in Figure 6. 

The solar cells consist of a p-n junction, which is an interface formed by a band made of 

p-type semiconductor material, with defect of electrons, and another made of n-type 

semiconductor material, with excess of electrons. Both bands are separated by a gap called 

depletion zone or layer. When solar radiation reaches a solar cell, the photons present in it 
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stimulate the electrons in the n-band by transferring to them the necessary energy to 

overcome the depletion layer and reach the p-band. This movement of electrons creates a 

certain amount of electric current (I in the figure) at a certain electric voltage (U in the 

figure), which can be transferred to a load by connecting electric wires to electrodes placed 

on the front and back of the solar cell, with positive and negative charge respectively. 

 

Figure 6: Schematic representation of a solar photovoltaic cell 

In reality, resistive effects take place in the power transmission wiring, which dissipate part 

of the transferred energy. These effects are known as parasite resistances and generally they 

reduce the cell efficiency. Most common parasite resistances are series and shunt resistance, 

which are represented in Figure 7 as RS and RSH respectively. Although high shunt 

resistance may be desirable in some cases, series resistance should be kept as low as 

possible [49].   

 

Figure 7: Electric circuit diagram of a solar cell 

Solar cells are generally represented as a diode, as occurs in Figure 7. The currents IL, ID and 

ISH represent the current created by photovoltaic radiation, the current created as a 
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consequence in the cell, and the current flowing through the shunt resistance, respectively.  

Since this electric current and voltage are generally too low for energy generation 

applications, several solar cells are combined in photovoltaic modules. These modules can 

be connected to other modules to form solar photovoltaic panels. The connection of modules 

in parallel increases the electric voltage of the panel while their connection in series 

increases the panel current. Hence, different connection combinations can be applied to 

reach the current and voltage level required for a certain application.  

The relation between the current and voltage in a solar panel is described by its I-V curve. 

The maximum current that can be reached in a solar panel is its short-circuit current (ISC) 

and the maximum voltage achievable is its open-circuit voltage (VOC). These two parameters 

are the most characteristic of the I-V curve of a solar panel. An example of an I-V curve for 

a solar panel at 25ᵒC and with irradiation of 1000 W/m
2
 is shown in Figure 8 along with its 

P-V curve (relation curve of the solar panel power output and voltage). 

 

Figure 8: I-V and P-V curve of a solar panel at 25ᵒC and with irradiation of 1000 W/m2 [50] 

The subindex MPP in Figure 8 refers to the maximum power point that can be achieved by 

the solar photovoltaic system. Some systems include a technology called Maximum Power 

Point Tracker (MPPT), which is used to extract the maximum power available from the 

system, no matter what the solar irradiance is, generally by modifying the relation between 

the current and voltage of the system. 
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Wind power systems 

Wind power systems use the energy in the wind (that is, the kinetic energy from a moving 

air mass) by converting it into another form of useful energy, generally mechanical or 

electrical. The devices in which this transformation takes place are called wind turbines. 

Figure 9 shows a schematic representation of a wind turbine with all its components. The 

energy conversion takes place when an air current flows through the area swept by the rotor 

of a wind turbine. The rotor blades are aerodynamically shaped to move in a perpendicular 

direction to the air current (describing a circle around the rotor centre) using part of the 

kinetic energy available in the incident wind.  

The rotation generated by the rotor blades movement is transferred to a generator, generally 

attached to the turbine in the nacelle, behind the rotor centre. This generator transforms the 

mechanical energy of the rotor in electricity. A gearbox is attached to the electric generator 

for speed control. 

 

Figure 9: Schema and components of a wind turbine 

The amount of energy in the wind depends on its velocity, which varies largely with location 

and time. Hence, not every location is suitable for wind energy systems. The higher the wind 

speed, the larger amount of kinetic energy available in the wind 

However, not all the kinetic energy available in the wind can be converted into another kind 

of energy when passing through a wind turbine. Since the wind current continues after the 
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turbine, a part of its original kinetic energy remains in the wind allowing it to flow further. 

The ratio of kinetic energy that can be converted in wind turbines divided by the kinetic 

energy available in the wind is called power coefficient (CP). This parameter is 

representative of the energy a wind stream can transfer to the turbine. The power coefficient 

depends on the ratio of the wind velocity downstream and upstream of the turbine (in other 

words, the part of the initial kinetic energy that remains in the wind after if flows through 

the turbine), as can be seen in Figure 10.  

In 1919 the German physicist Albert Betz calculated the maximum value of the power 

coefficient and therefore the maximum kinetic energy fraction that can be extracted from an 

air current. The result of his calculations proved that the maximum power coefficient that 

can be reached by a wind turbine is 16/27 (59.3%) of the kinetic energy available in the 

wind. This statement is called Betz‟s law and its mathematical demonstration can be found 

in [51].  

 

Figure 10:  Relation of the power coefficient and the ratio of downstream and upstream velocities in the wind 

The power output of a wind turbine varies with the wind speed according to Equation (3.1): 

     
 

 
           

(3.1) 

where      is the power output,    the power coefficient,   the air density,   the area swept 

by the rotor blades and V the wind velocity. 
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Both the power coefficient and power output are dependent on the wind speed. The 

performance of a wind turbine is generally represented by its power curve, which represents 

the exact power output that can be obtained from a wind turbine for each value of the wind 

speed. Figure 11 shows an example of a typical wind turbine power curve. The cut-in speed 

is the wind speed at which the wind has enough energy to start moving the rotor blades from 

their static position. The rated output speed is the wind speed at which the rated output 

power, or maximum power that the turbine can produce, is reached. For wind speeds above 

this value the power output remains equal to the rated power output. For wind speeds above 

the cut-out wind speed the wind turbine must be switched off to avoid its failure due to high 

turbulence issues occurring at high speeds. 

 

Figure 11: Typical wind turbine power output with steady wind speed. 

The power curve of a wind turbine is generally given by turbine manufacturers as a 

representation of its performance. 

Combination of PV and wind power  

Wind and solar energy are referred to as variable renewable energies (VRE) due to their 

high variability with location and time. First, VRE cannot be transported to a different 

location such as fossil or nuclear fuels. Therefore, their transportation to the end-users has to 

be done in form of electrical energy through the grid incurring distribution and transmission 

losses (especially in the case of India, which has the highest distribution and transmission 

losses in the world, as was introduced in section 3.1). Second, the high variability of solar 

irradiation and wind speed with time leads to fluctuating power output from VRE systems. 
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This makes it difficult for solar and wind systems to meet the required demand when 

operating alone, requiring big amounts of storage and often the oversizing of the system. 

Furthermore, the uncertainty in the forecast of these resources is a significant limitation for 

the predictability of their power output, which entails a major challenge for the electricity 

dispatch from these resources as it hinders the accurate matching of power production and 

demand [52]. Nevertheless, the complementarity of these resources makes their combination 

an attractive solution to reduce the variability of VRE generation.  

Wind and solar resources are highly complementary in terms of availability: sun is only 

available during a determined number of hours in the day, while wind may blow at any 

moment of the day, being often more intense in the evenings and night. Furthermore, it is 

common to experience higher wind speeds in cloudy days when the solar photovoltaic 

production is reduced due to shading losses. Therefore, the combination of both resources 

can offer larger and more regular renewable energy availability. The integration of solar and 

wind energy into hybrid power generation systems can attenuate the fluctuations in the 

generated power with respect to single VRE systems, improving the overall system 

performance and reliability. As a consequence, the size of storage required in the system can 

be considerably reduced enabling significant cost savings [50]. 

Hybrid System Simulation 

As has been explained, the combined use of wind and solar systems for electricity 

production can entail major benefits at the system and utility scale. However, the 

combination of two or more power subsystems leads to an increased amount of system 

variables, which increases the complexity of the evaluation and optimization of hybrid 

energy systems. For this reason, simulation tools are generally applied for decision making 

regarding hybrid system projects.  

Several hybrid system simulation tools are available nowadays. For this research, HOMER 

was selected as the most suitable software for the reasons explained in section 1. The 

following section explains the operation principle of this software as well as the analytic 

features that make it appropriate for this analysis. 
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3.4 HOMER 

HOMER (Hybrid Optimization Model for Multiple Energy Resources) is a hybrid system 

modelling software developed by the National Renewable Energy Laboratory (NREL) [53]. 

By simulating different system configurations (that is, different combinations of system 

components), HOMER simplifies energy system evaluation and decision making tasks. For 

every possible configuration, HOMER simulates the operation of the system and optimizes 

its design in terms of technical and economic performance. The technical and economic 

assessments carried out by HOMER for this purpose are explained in the following sections. 

Economic analysis 

After finding out which configurations are able to meet the required demand, HOMER 

carries out an economic analysis where the main outcome is the life-cycle cost or Net 

Present Cost (NPC) of each configuration. The NPC of a system is the present value of all 

the costs involved in the system throughout its complete lifetime, minus the present value of 

all the revenues generated by the system over the same period. The system costs include the 

capital costs or initial investment costs, component replacement costs, operation and 

maintenance (O&M) costs, grid power purchases, fuel costs (if applicable) and penalties for 

greenhouse gas emissions (if applicable). The system revenues account for the revenues 

generated from selling power back to the grid and the salvage value of the system, which is 

the value of the remaining components of the system when the project lifetime is 

reached  [54], [55].  

HOMER calculates the NPC of the system as a sum of the total discounted cash flows of 

each year in the project lifetime, which are previously calculated according to the given 

input data. By means of the calculated NPC, HOMER determines the annualized cost of the 

system, which is the annualized value of the systems life-cycle cost [55]. The annualized 

cost of the system is calculated according to Equation (3.2): 

                       (3.2) 

where          is the total annualized cost of the system,   is the real interest rate,    is the 

project lifetime, and CRF is the capital recovery factor, which can be calculated according to 

Equation (3.3): 
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 (3.3) 

where n is the number of years in which the invested capital must be recovered (in this case 

the project lifetime). 

Making use of these values, HOMER calculates the Levelised Cost of Energy (LCOE) of the 

system. The LCOE is the average cost of the system per kWh of useful energy supplied to 

the system load. Equation (3.4) shows the formula applied by HOMER for the calculation of 

the LCOE: 

     
        

         
 (3.4) 

where           is the sum of the energy served to the load from the system generation and 

grid imports. 

Technical assessment 

On a first stage, HOMER analyses the technical viability of the system and the ability of 

each configuration to meet the given energy load [54]. This is accomplished by calculating 

the energy balance of the system for each time-step throughout a year: for every time-step 

HOMER calculates the power produced by the system and the electricity load, as well as the 

possibility to store excess energy in the system storage or to use previously stored 

electricity [55]. The inputs required for this energy balance are the different components to 

consider and their technical specifications, the local resource availability and the load profile 

throughout a year. After analysing the viability of all possible system configurations, 

HOMER discards all configurations that were not technically feasible and carries out an 

economic analysis for all feasible configurations. The optimal design (that is, the optimal 

capacity of each component of the system) for each system configuration is displayed on the 

results screen at the end of the simulation. The optimization results are ranked and listed 

according to their economic performance, which assessment is explained in the following 

section. The next subsections give an overview on the calculation procedure of HOMER for 

the power input and output of the main system components for each time step. 
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PV array power output calculation 

HOMER calculates the output of the solar PV subsystem by means of Equation (3.5): 

                    (
  

    
)  [              ] (3.5) 

Where          is the power output of the PV subsystem for the current time step [kW] 

        is the rated capacity of the PV array (that is, its power output at standard test 

conditions (STC))  [kW] 

    is the derate factor of the solar subsystem [%] 

   is the solar radiation incident on the PV array in the current time step [kW/m
2
] 

     is the incident solar radiation on the PV array at STC [kW/m
2
] 

    is the temperature coefficient of power, given by the user as an input [% /℃] 

   is the temperature of the PV array in the current time step [℃] 

     is the temperature of the array at STC [℃]. 

Wind power output calculation 

First, HOMER calculates the wind speed for the current time step at the hub height of the 

wind turbine by means of the logarithmic law, which is ruled by Equation (3.6): 

           
         ⁄  

          ⁄  
 (3.6) 

Where       is the wind speed at the hub height [m/s] 

      is the wind speed at the anemometer height [m/s] 

     is the hub height of the wind turbine [m] 

      is the anemometer height, given as an input in the resources section [m] 

   is the surface roughness lenght [m]. 

Once the wind speed at the hub height of the wind turbine is determined, HOMER calculates 

the wind power output at standard air density by means of the power curve of the turbine, 

which is given as an input in the wind power subsystem specifications. 
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Finally, HOMER corrects the power output for the actual air density by means of 

Equation (3.7): 

                    (
  

    
) (3.7) 

Where            is the wind power output [kW] 

          is the wind turbine power output at STC air density [kW] 

   is the air density of the current time step [kg/m
3
] 

     is the air density at STC which equals 1.225 kg/m
3
. 

Battery charge and discharge power calculation 

HOMER calculates the maximum amount of power that can be inserted in the battery bank 

in each time step as the minimum value among three different limits related to the kinetic 

storage model, the maximum charge rate and the maximum charge current. For information 

on the calculation of each of these limits and the kinetic storage model refer to [55]. 

HOMER calculates as well the maximum discharge power of the battery set (this is, the 

maximum amount of power that can be discharged from the load) as determined by the 

kinetic storage model (further explanation on this model can be found in [55]). In addition, 

HOMER accounts for the discharge losses that occur when discharging power from the 

battery set by means of Equation (3.5): 

                     
(3.8) 

Where         is the maximum discharge power of the battery set [kW] 

           is the maximum discharge power calculated from the kinetic model [kW] 

   is the discharge efficiency given as an input in the battery specifications [%] 
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4 Methods 

This research work was based on three case studies of GIMS systems in three different 

villages in Karnataka, India, with different electricity demand levels, electricity tariff rates 

and meteorological conditions. The first two villages, Harobelavadi and 

Doddasiddavvanahalli (DS Halli), present mostly residential electricity demands and differ 

from each other in their energy demand level, which is considerably higher in the second 

case. The third analysed village is Amasebail, which differ from the previous two cases in 

the type of load studied. In the case of Amasebail only the commercial load of the village is 

considered in the feasibility study of GIMS, since most of the village households are already 

served by stand-alone systems. The differences in resource availability and especially load 

type among the villages aims to give an overview of the different types of rural 

electrification cases for which GIMS may be a feasible solution. The location in the state of 

Karnataka is shown in Figure 12. These villages will be described in the following sections 

along with a detailed explanation of the GIMS analysis carried out for each of them.   

  

Figure 12: Location of the analysed villages in Karnataka, India 

Three aspects of GIMS feasibility were investigated in this project. First, the feasibility of 

the use of hybrid solar PV-wind systems was analysed. To this aim, a techno-economic 

analysis was carried out for different solar PV, wind power and storage share to optimize the 

GIMS design of each village in terms of technical performance and economic feasibility. 

The results of this optimization for hybrid and exclusively solar GIMS were compared to 
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study the potential savings achievable with the addition of wind power to these systems. 

Second, the savings that can be obtained in GIMS due to the possibility of selling excess 

power to the utility grid were analyzed within this research. Lastly, the cost of reliability of 

power supply was studied by calculating the NPC and Levelised Cost of Electricity (LCOE) 

of the system under different capacity shortage conditions. For this purpose, simulations 

were carried out for hybrid and exclusively solar GIMS, with and without enabling grid 

sales, and for capacity shortages of 0 to 5%. These settings are explained more in detail in 

the following subsections. The correlation of the capacity shortage and the NPC of the 

system was analysed by means of the function “CORREL” in Microsoft Excel. This 

function compares two sets of data and gives an output that illustrates how much correlated 

the two parameters are. This output is a value between -1 and 1, being 1 the highest positive 

correlation possible, -1 the highest negative correlation possible, and 0 no correlation. Any 

absolute value higher than 0.8 proves high correlation between the two parameters. 

To carry out this analysis, the version Homer Pro 3.8.7 of the software HOMER was used. 

The next sections explain in detail the procedure for the HOMER model creation and 

analysis of the three villages.  

4.1 Harobelavadi 

Harovelabadi is a village located in the district of Dharwad in the state of Karnataka, India. 

It is ruled by its Gram Panchayat, (that is, the local self-government organization in the 

village and small-town level in India). The village is mostly residential, with few small 

shops and commercial activities. A total of 610 households are registered in the village, with 

a total population around 2,950 inhabitants. Hubli Electricity Supply Company Limited 

(HESCOM) is the utility (DISCOM) in charge of the electricity distribution in the area of 

Harobelavadi. SELCO Foundation has chosen Harobelavadi for its first GIMS project. 

Although this project, consisting in a solar GIMS system, is already in its implementation 

phase, it was included in this research work to analyse how the addition of wind power to 

the system could affect its feasibility. In addition, the cost of reliability of such a system is 

also an interesting outcome of the study of this GIMS case in HOMER. The input values and 

settings applied for the analysis of Harobelavadi GIMS in HOMER are described in the 

following.  
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Resources 

First of all, pertaining resource input must be given into HOMER. In this study case, solar 

GHI (Global Horizontal Irradiation) data including Clearness Index and daily radiation, as 

well as wind speed and temperature data were introduced into the software for the 

mentioned location. These data were extracted from the NASA Surface meteorology and 

Solar Energy [56]. The solar GHI data from this source are estimated from monthly 

averaged values over a 22 year period from July 1983 until June 2005. The clearness index 

and daily radiation in kWh/m
2
/day for the locality of Harobelavadi are illustrated in 

Figure 13. 

 

Figure 13: Daily radiation (left axis) and clearness index (right axis) for the location of Harobelavadi 

The air temperature data, imported from the same source, are an estimation based on 

monthly average values over the same period as the GHI data. The average temperature in 

Harobelavadi is shown for all months in the year in Figure 14. 

 

Figure 14: Monthly average temperature in the locality of Harobelavadi 
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Lastly, the wind speed data from the NASA Surface meteorology and Solar Energy database 

are based on wind speed measurements at a height of 50 m above the Earth surface on a 

terrain similar to an airport. The resulting wind speed estimation is estimated by the monthly 

average of these measurements over a 10 year period from July 1983 until June 1993. The 

resulting wind speed average in Harobelavadi for the different months in the year can be 

seen in Figure 15. 

 

Figure 15: Wind speed monthly average for the location of Harobelavadi at 50 m above ground level 

Load profile 

In order to assess the electrical load of the village, the electricity consumption was measured 

in the 3 transformers of the village for a period of 24 hours. The consumption of the 3 

transformers was summed up resulting in the load profile shown in Figure 16. 

 

Figure 16: Daily load profile of the village of Harobelavadi 
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To represent the load variability among different days in month HOMER defines the 

day-to-day random variability, which was set to 10% which is the default value 

recommended by the programme. Random variability was set for the variation of the daily 

load from month to month. Likewise, random time-step variability was defined to consider 

the load changes within a particular day in a month. The time-step for this simulation was 

set to 60 minutes, which is the default value recommended by HOMER to ensure the 

accurate time-adjustment of the energy balance in the simulations. The variation range for 

each time-step was set to 20% of the load according to the default settings of HOMER. 

Based on these data, a scaled annual average power demand of 859.01 kWh per day was 

calculated by HOMER. 

Energy system layout 

An overview of the system defined for the simulations in this study can be seen in Figure 17. 

The system consists of a grid connected AC bus, to which the solar subsystem (ABB50 in 

the figure), wind subsystem (XL6 in the figure) and load are connected, and a DC bus to 

which a battery bank (1kWh LA in the figure) is connected. Both buses are connected to 

each other through an AC/DC converter.  

 

Figure 17: Schematic system layout 

The same system layout shown in Figure 17 was common for the GIMS systems of the three 

villages (with a load exception in the case of Amasebail, which will be explained later in this 

chapter). Each of the components in the Harobelavadi system will be explained further in the 

following subsections. 
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Solar PV subsystem 

Once the local renewable energy resources and electricity demand are determined, the 

components of the system must be selected and pre-sized.  

The solar photovoltaic plant was designed to include the solar photovoltaic arrays and the 

solar plant inverter. Generic flat plate panels were selected to simulate the solar panels 

Eldora Grand of the company Vikram Solar, which is the manufacturer of the solar panels 

used by SELCO Foundation in their GIMS design. The technical data of these solar panels 

are presented in Appendix C.1  . According to the mentioned data, the efficiency of these 

panels for the production level of this study case is 14.95%, The derating factor of the solar 

subsystem (that is, a system efficiency that accounts for the impacts on the power output 

other than the energy transfer inside the modules, such as soiling, shading, wiring 

inefficiencies, etc.) was calculated as explained in Appendix D  . According to the 

calculations explained in that section, the overall derate factor of the PV subsystem resulted 

in 74%. The life time of the solar panels was set to 25 years according to the panel‟s 

datasheet in Appendix C.1  . The Nominal Operating Cell Temperature (NOCT) and the 

temperature coefficient of power were set to 44℃ and -0.43% /℃ respectively according to 

the same datasheet.  

Considering the average daily demand and the possibility of feeding excess power back to 

the grid, an initial value of 100 kW was set as the rated capacity of the solar array. The 

upper and lower simulation boundaries for this value were set to 150 and 50kW 

respectively.  

The cost of the solar photovoltaic subsystem, including land costs, was set to 1,040 USD 

(65,000 INR) per kilowatt peak (kWp) based on the components cost of the Harobelavadi 

GIMS project undertaken by SELCO Foundation in the year 2017. The replacement cost is 

the system cost without land (which is a one-time payment), which is 920 USD/kWp. The 

O&M cost was assumed to be 20 USD/kWp/year. 

The solar plant is connected to the AC bus of the energy system through a solar inverter. For 

the simulation of this component a solar inverter ABB Trio was chosen with possible 

capacities of 90 kW and 100 kW as search space in order to suit the solar capacity range 

given for the simulation. The default inverter efficiency table given as default in HOMER 

was used for this component. The price of this component, obtained from the Harobelavadi 

project is 9,222 USD (5.9 Lakh). 
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Wind power subsystem 

Bergey Excel 6 kW turbines were chosen for this analysis for two reasons. On one hand, the 

capacity of these turbines, not being too high, allows good possibilities of optimization of 

the turbine quantity (lower capacity per turbine allows the software to adapt more precisely 

to the optimal wind capacity). On the other hand, it presents an attractive hub height range 

(18-49 m) for the provided capacity (see product datasheet in Appendix C.2  ). A medium 

value of 35 m was selected as hub height for this analysis. The lifetime was assumed to be 

20 years, since no information was given in the datasheet or manufacturer website. 

The power curve of the wind turbine, depicted in Figure 18, represents the power output 

achievable by the selected turbine with respect of the available wind speed. The default 

power curve provided by HOMER for this turbine design was selected for this analysis. 

 

Figure 18: Power curve of the selected wind turbine. 

The quantity of wind turbines in the subsystem was initially set to 2 turbines, with a lower 

and upper simulation limit of 0 and 10 turbines respectively. The wind power subsystem was 

assumed to be connected to the AC bus of the system. 

Due to the broad range of component prices available in the wind power market and the lack 

of information about previous components successfully used for GIMS projects, the wind 

power subsystem cost (including grid connection costs) were assumed according to the 

report “Renewable Power Generation Costs in 2014” of IRENA [44]. An average cost of 

1,450 USD/kW can be obtained from the paper for systems of this capacity. The grid 

integration and planning costs, which according to the same paper are in average the 17% of 

the given cost, were discounted since these costs were accounted for within the fixed cost of 

the total system (which will be explained in one of the following subsections). Thus, a cost 

of 1,204 USD/kW was considered (that is, 7,221 USD for each 6 kW turbine) resulting in a 
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total price of 14,442 USD (about 9.3 Lahks or 9.3·10
5
 INR). The same price was considered 

for the replacement cost of each turbine and O&M cost of 28 USD/kWp/year was assumed 

according to the same report. 

Storage 

In order to secure the system reliability, a battery unit was included in the system. A set of 

1 kW lead acid batteries was chosen for this purpose due to the large experience of this 

technology in Indian mini-grids and its cost in comparison to other battery technologies. 

Lead acid batteries previously used by SELCO Foundation for mini-grids and other solar 

system projects were taken as a reference to define the battery features and costs. The 

battery lifetime of these batteries is 5 years. The battery throughput (that is, the amount of 

energy that can pass through the battery throughout its lifetime) is not specified by the 

manufacturer, but was assumed to be 1,092 kWh according to the paper “Lifetime 

Modelling of Lead Acid Batteries” [57]. The initial state of charge was assumed to be 100% 

of the battery capacity and the minimum state of charge was set to 40% according to the 

operating conditions of these batteries in SELCO Foundation projects. 

Considering the variability of solar and wind resources, the load requirements and the power 

sell-back possibility, an initial value of 150 batteries was given for the battery quantity. 

As in the case of the solar PV subsystem, the storage system costs were based on the costs of 

lead acid battery units used in previous mini-grid projects by SELCO Foundation. Thus, the 

cost of each 1 kWh battery was set to 155 USD (9,697.5 INR per unit), resulting in a total 

cost of 23,274 USD (14.5 lahks).  

AC/DC Converter 

A grid-tied AC/DC converter is required in these kinds of systems to transfer electric power 

from the AC to the DC bus and vice versa (see Figure 17). According to the peak load of the 

system, the converter was initially sized with 70 kW rated power, with a simulation range 

from 0 to 200 kW.  

The hybrid grid-tied converter Conext XW of Schneider Electric was taken as a reference 

for the converter features. Hence, an efficiency of 95% was considered both for the 

converter and rectifier behaviour and a lifetime of 10 years was considered for the converter. 

The technical datasheet for this component can be found in Appendix C.3   The converter 
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price, as in previous cases, was set according to previous projects of SELCO Foundation. 

The capital and replacement cost of the converter were both set to 530 USD/ kW (0.34 

Lahks/kW) and the O&M costs were assumed to be zero.  

Grid settings 

The electricity prices were set according to the Electricity Tariff 2017-2018 published by 

HESCOM and the Karnataka Regulatory Electricity Commission (KERC) for all grid 

purchases on or after the 11
th
 of April 2017 [58]. For the analysed project the applicable 

rates are those corresponding to “Areas under Village Panchayats”. According to this rate 

schedule, a fixed demand rate of 0.47 USD (30 INR) per kW installed of the system is 

charged per month. In addition, 0.123 USD/kWh (6.8 INR/kWh) are charged for the 

consumed energy. The sell-back rate for excess power fed into the grid was assumed to be 

0.078 USD (5 INR), which equals the sell-back price agreed between HESCOM and 

SELCO Foundation for the on-going Harobelavadi GIMS project. Simulations were run 

with this model both enabling and disabling the sales of excess generated power to the grid 

in order to analyse the potential savings associated to the grid sales possibility of GIMS 

systems.  

The grid reliability was represented by different grid outage parameters. These were the 

average outage frequency (number of power cuts within a year), which was set to 350/year, 

the average repair time (average duration of power cuts), which was assumed to be 3 hours, 

and the repair time variability, which was set to 40%. All these assumptions were based on 

power cuts data available from surveys carried out by SELCO Foundation during the 

Harobelavadi project pre-assessment. Since no monthly or hourly outage patterns were 

determined, HOMER generates a random outage distribution for all time-steps throughout a 

year. This distribution can be seen in Figure 19. 

 

Figure 19: Random grid outage distribution throughout a year in Harobelavadi. 
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Lastly, the maximum annual capacity purchase of grid power was set to 400 kW and the sale 

capacity to 300 kW. These values were selected after a pre-assessment with HOMER, for 

which both values were under 250 kW and 200 kW respectively. However, to give a margin 

for further potential system configurations the values were chosen about 50% bigger than 

those resulting from the pre-feasibility study. 

Constraints 

A sensitivity analysis was carried out for the maximum annual capacity shortage to analyse 

the cost of reliability of the system. Although sensitivity analyses are usually done to 

analyse the effect and relevance of a particular parameter in the system, in this case its 

purpose was to show how the cost of electricity of the system varies for different capacity 

shortage levels allowed. Logically, the energy system will be more expensive if 100% of the 

load needs to be covered. Not allowing any capacity shortage of the system in the year 

entails the need of oversizing the system for more capacity than is usually required. A 

sensitivity analysis of the capacity shortage of the system can provide information on how 

much users need to pay for a more (or less) reliable energy system in terms of hours of 

reliability. To this purpose, values from 0 to 5% were given as capacity shortage inputs with 

a step of 1%.  

The correlation between the capacity shortage and NPC (that is, how much these parameters 

depend on each other), as representative parameters of the power reliability and the system 

cost, was analysed in Excel by means of the function „CORREL‟. This function analyses 

how the parameters are related to each other and gives out a number (called r value) between 

-1 and 1, being 0 no correlation, 1 total positive correlation (one parameter increases with 

the other) and -1 negative correlation (one parameter decreases with the other). Any 

outcome with absolute r value above 0.8 implies significant correlation between the 

parameters. For more information on this function refer to [59]. For further information 

about correlation and regression analysis refer to [60]. 

In addition, a sensitivity analysis was carried out to study under which conditions of PV 

modules and battery prices the available results are valid, and how much the system cost can 

vary with the variation of these prices. According to Figure 2, solar modules costs can vary 

from 0.5 up to 2 times the cost of the Vikram Solar modules used for this project. Likewise, 

the costs of lead acid batteries can ascend up to double the cost of the batteries used in this 

case. In order to analyse all possible scenarios among these prices, a sensitivity analysis was 
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completed where capital cost multipliers of 1 to 2 were given for the solar PV capital cost 

and multipliers of 0.5 to 2 were given for the battery capital cost. 

Economics 

The inflation rate for the project was set as the average inflation rate in India in 2017, which 

was 1.91% up to the month of August [61]. The nominal discount rate of the system was set 

to 10.81% according to [62], resulting in a real discount rate of 8.73%. 

The metering costs (including the costs of metering devices in the power generation side and 

the smart meters in each household), cost of the transformer and additional grid connection 

devices and the costs of planning and other expenses such as component trwere included in 

the system fixed capital cost. A transformer would be required in all cases for the connection 

of the power generation unit (solar or hybrid system) to an 11 kV or 33 kV power line 

(generally 11 kV lines distribute power to rural areas in India). For the expected size of the 

system, a 100 kVA transformer is required, which approximate cost in India is 2,400 USD 

(150,000 INR) [63]. The cost of the metering devices was taken from the on-going 

Harobelavadi project by SELCO Foundation: a cost of 13,480 USD (8.8 Lakhs) must be 

purchased accounting for the initial installation and a replacement of the meters after 12 

years of their installation. Additional costs due to grid connection devices are approximately 

1,600 USD (1 Lakh) for this capacity level. Lastly, a total planning cost for a project of this 

magnitude was estimated at 8,353 USD (5% of the NPC) after a preliminary cost assessment 

of the system. Summing up all the mentioned costs, the total fixed cost of the system results 

in 25,833 USD (16.7 Lakh).  

The system fixed O&M cost accounted for human resources costs and miscellaneous 

additional expenses such as transformer maintenance and occasional repair of minor 

components. Two people must be employed to ensure the correct operation of the system: 

one technician and one engineer. The total expenses from human resources salaries 

3,072 USD (1.92 Lakh) per year. According to the expenses of the Harobelavadi project by 

SELCO Foundation the cost of additional operational expenses such as unpredicted repair 

costs and logistics was set to 1,424 USD (89,000 INR) per year. This makes a total of 4,496 

USD (2.9 Lakh) per year. 
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The project lifetime was defined as 20 years. The currency chosen for the analysis was USD 

for a better international understanding of the project. However, all prices were converted to 

INR because of being the national currency in the country of application of the projects. 

Optimization settings 

The time-step for the simulations was set to 30 minutes (instead of the default 60 minutes in 

HOMER) for a better adjustment of the electricity load and production.  

The maximum number of simulations per optimization was set to 10,000. This means that 

simulations are discarded if they‟ve not been completed once this value is reached. 

However, increasing this value increases considerably the simulation time, hence the default 

value given by HOMER was accepted. 

Finally, the system design precision and the NPC precision were represented by maximum 

simulation errors set to 0.5% and 1% respectively. 

4.2 DS Halli 

The village Doddasiddavvanahalli (DS Halli) is located in the Chitradurga district. The 

Gram Panchayat of DS Halli includes two villages: DS Halli, being the larger village and 

focus of the commercial activity of the Panchayat, and a smaller village called 

Topuramalige.  The villages have total populations of 7,084 and 2,332 inhabitants 

respectively, living in a total of 1,102 households in DS Halli and 490 households in 

Topuramalige. For this research study only the village of DS Halli was analysed. The main 

labor source in the village is agriculture, with large crops where most of the population work 

and some smaller flower cultivation fields. Additionally there are some small businesses 

such as shops, tailoring and flour mills. The local DISCOM in the district is Bangalore 

Electricity Supply Company Ltd. (BESCOM), which collaboration was essential for the 

village load measurement and needs assessment in this project. The input values and settings 

applied for the analysis of DS Halli in HOMER are described in the following.  

Resources 

The resource data were extracted from the NASA Surface meteorology and Solar Energy as 

for the case of Harobelavadi. The clearness index and daily radiation in DS Halli are 

displayed in Figure 20. 
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Figure 20: Daily radiation (left axis) and clearness index (right axis) for the location of DS Halli 

The average air temperature in DS Halli is shown for all months in the year in Figure 21. 

 

Figure 21: Monthly average temperature in the locality of DS Halli 

The average wind speed in DS Halli, from the same source than the Harobelavadi case, is 

shown in Figure 22 for the different months in the year. 

 

Figure 22: Wind speed monthly average for the location of DS Halli at 50 m above ground level 
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Load profile 

Since the analysis of DS Halli for its GIMS potential was only a pre-assessment, the 

electricity consumption could be only measured in a transformer of the village which 

supplies electricity to approximately 200 households (about 20% of the village). The 

measurement was done by means of a power analyser for a period of 24 hours. The 

consumption measured on the transformer used to estimate the average consumption per 

household for each hour of the day, which was used to calculate the total consumption of the 

village. The estimated load profile resulting from this calculation is shown in Figure 23. 

 

Figure 23: Daily load profile of the village of DS Halli 

The load variability parameters were given the same values than in the Harobelavadi case. 

The scaled annual average power demand resulted in 1,774.62 kWh per day. 

Energy system layout 

The energy system layout presented for the previous case in Figure 17 was also used for this 

design. The components of the system will be explained in the following. 

Solar PV subsystem 

The same solar panel technology as in the case of Harobelavadi was considered, changing 

only the required capacity due to the higher electricity demand level. Considering the 

average daily demand and the possibility of feeding excess power back to the grid, an initial 

rated capacity of 200 kW was considered in this case, and the upper and lower simulation 
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limits were set to 250 and 50kW respectively.  The cost per kWp was considered the same 

as in the Harobelavadi case. Applying this cost to the chosen capacity the capital cost for 

200kW was 208,000 USD (130 Lakh) and the replacement cost was 184,000 USD (115 

Lakh). The O&M cost was again assumed to be 20 USD/kWp/year resulting in 

4000 USD/year (2.5 Lakh/year) for this capacity. 

As in the previous case, the solar inverter ABB Trio was chosen for the connection of the 

solar plant to the AC bus of the system, with possible capacities of 150, 200 and 250 kW in 

this case. The default inverter efficiency table given as default in HOMER was used for this 

component. 

Wind power subsystem 

Bergey Excel 6 kW turbines with 35 m of hub height and 20 years lifetime were selected as 

in the previous case (the technical datasheet of this product can be seen in Appendix C.2  ). 

The quantity of wind turbines in the subsystem was initially set to 4 turbines, with a lower 

and upper simulation limit of 0 and 30 turbines respectively. The wind power subsystem was 

assumed to be connected to the AC bus of the system. 

As in the case of Harobelavadi the wind power subsystem cost was assumed according to 

the report “Renewable Power Generation Costs in 2014” of IRENA [44] and following the 

considerations explained in section 4.1. Thus, a cost of 28,884 USD was given as the capital 

and replacement cost and the O&M cost was assumed to be 28 USD/kWp/year according to 

the same report. 

Storage 

The same storage technology as in the previous case (1 kWh lead acid batteries used by 

SELCO Foundation) was chosen for this analysis. All battery settings were equal to the 

previous case except for the battery bank size and simulation limits. A battery set of 200 

units was given as a reference in this case with 0 and 350 units as upper and lower limits 

respectively. The same prices per unit as in the case of Harobelavadi were applied DS Halli.  
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AC/DC Converter 

According to the peak load of the system in this case, the converter was initially sized with 

120 kW rated power, with a simulation range from 0 to 300 kW.  

The same hybrid grid-tied converter as in the case of Harobelavadi was applied. The 

specifications of this converter can be found in Appendix C.3   and the input data based on 

this spec sheet are the same as for the previous case. The capital and replacement costs of 

the grid-tied converter were likewise set to 530 USD/kW and the O&M cost was assumed to 

be zero.  

Grid settings 

The electricity prices were set according to the Electricity Tariff 2017-2018 published by 

BESCOM and KERC for all grid purchases on or after the 1
st
 of April 2016 [64]. For the 

analysed project the applicable rates are those corresponding to “Areas under Village 

Panchayats”. According to this rate schedule, a fixed demand rate of 0.47 USD (30 INR) per 

kW installed of the system is charged per month. In addition, 0.105 USD/kWh 

(6.4 INR/kWh) are charged for the consumed energy. The sell-back rate for excess power 

fed into the grid was assumed to be equal to the agreed for the Harobelavadi project, which 

was 0.078 USD (5 INR). Simulations were run with this model both enabling and disabling 

the sales of excess generated power to the grid in order to analyse the potential savings 

associated to the grid sales possibility of GIMS systems.  

A total of 50 households and commercial establishments were surveyed in the village to 

obtain information on the power outage situation throughout the year. The outcome of this 

survey determined that power cuts of 3 to 4 hours occur most days in the year, and power 

cuts take place almost every evening in the summer months (in June and even longer in July 

and August). To model this information, the average power outage frequency was set to 

350/year in HOMER, the average repair time to 3,5 hours, and the repair time variability 

was set to 40% for all months in the year. In addition, scheduled power cuts were assumed 

in the evenings of the summer months, with a length of 1 hour in June (from 19:00 until 

20:00) and 2 hours in July and August (from 19:00 until 21:00). Although the power cuts 

may not always occur at this time and for this length, HOMER doesn‟t allow including any 

variability for specific power outages. The power outage distribution generated by HOMER 

with this data can be seen in Figure 24. 
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Figure 24: Grid outage distribution throughout a year in DS Halli. 

Lastly, the maximum annual capacity purchase of grid power was raised to 700 kW in this 

case due to the higher load of the system. The sale capacity was raised to 500 kW 

considering the larger system size and the maximum sale capacity values reached in a pre-

assessment.  

Constraints 

As in the previous case study, a sensitivity analysis was carried out for the maximum annual 

capacity shortage to analyse the cost of reliability of the system in order to study how much 

users need to pay for a more (or less) reliable energy system in terms of hours of reliability. 

To this purpose, values from 0 to 5% were given as capacity shortage inputs with a step of 

1%. The correlation between the capacity shortage and the NPC of the system were analysed 

afterwards in Excel to study how much these values depend on each other. 

In addition, as for the Harobelavadi system, a sensitivity analysis was carried out to study 

under which conditions of PV modules and battery prices the results of this thesis are valid. 

Capital cost multipliers of 0.5 to 2 and 0.5 to 2 were given were given for the solar PV and 

the battery capital cost respectively. A sensitivity analysis was carried out to illustrate all 

possible scenarios among these prices. 

Economics 

The nominal discount rate, inflation rate and project lifetime were given the same value as in 

the Harobelavadi case study. Likewise, USD was selected as the project currency. The fixed 

capital and O&M costs, in contrast, vary from the previous case due to the different size of 

the system. In this case a 250 kVA transformer would be required for the system, which 

approximate cost in India is 4,220 USD (270,000 INR) [63]. The cost of the metering 

devices was higher in this case due to the higher amount of households requiring smart 
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meters, resulting in a total metering cost of 26,480 USD (17.3 Lakh). The costs associated to 

grid connection devices were considered double than in the previous case due to the larger 

size of the system, resulting in 3,200 USD (2 Lakh). In addition, the planning and other 

expenses ascend to 24,641 USD (16 Lakh) for a system of this size. Summing up all the 

mentioned costs, the total fixed cost of the system results in 58,541 USD (38.3 Lakh).  

The system fixed O&M cost accounted for human resources costs and miscellaneous 

additional expenses such as transformer maintenance and occasional repair of minor 

components. The total expenses from human resources are the same as in the previous case 

study: 3,072 USD (1.92 Lakh) per year. The cost of additional operational expenses was set 

as double the cost of the previous case due to larger transformer and the additional safety 

components of the system that require maintenance and eventually minor repairs. Hence, a 

total of  2,848 USD (1.78 Lakh) is invested in miscellaneous O&M expenses and the total 

O&M fixed cost results in 5,920 USD (3.70 Lakh) per year. 

The optimization settings were equal for the three case studies (for information on this 

section refer to the section 4.1). 
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4.1 Amasebail 

Amasebail is located in the Udupi district in the state of Karnataka, India. The Gram 

Panchayat of Amasebail includes the villages of Amasebail, Machathu and Rattadi, from 

which only Amasebail was considered for this study. A total of 614 households are 

registered in the village, with a total population around 3,034 inhabitants. The local 

DISCOM in the area of Amasebail is Mangalore Electricity Supply Company Ltd. 

(MESCOM). Due to the availability of home lighting systems in most of the residential 

households, the GIMS system considered for the Amasebail case aims to supply power only 

for the commercial load of the village, excluding all residential loads. Amasebail is the 

commercial center of its Gram Panchayat and surrounding areas. Hence, its larger 

commercial load in comparison to other villages makes it an attractive study case for the 

installation of a GIMS system and the study of the feasibility of GIMS for these types of 

loads. The following subsections describe the settings and input values defined for the 

simulation of the Amasebail case study in HOMER. 

Resources 

The solar GHI data, including Clearness Index and daily radiation, as well as wind speed 

and temperature data were downloaded from the same NASA databases as in the previous 

cases and introduced in HOMER. The clearness index and daily radiation in kWh/m
2
/day for 

the locality of Amasebail are illustrated in Figure 25. 

 

Figure 25: Daily radiation (left axis) and clearness index (right axis) for the location of Amasebail 
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The average temperature in the location of Amasebail is shown for all months in the year in 

Figure 26. 

 

Figure 26: Monthly average temperature in the locality of Amasebail 

Lastly, the wind speed average for the different months in the year can be seen in Figure 27. 

 

Figure 27: Wind speed monthly average for the location of Amasebail at 50 m above ground level 

Load profile 

Since only the commercial loads of the village are considered in this case, the measurement 

of the total power consumption in the village transformers would not be valid to assess the 

required load since it includes the residential demand. Hence, the joint load profile of the 

commercial establishments in the village was estimated on the basis of a demand survey 

carried out by SELCO India on July 30th, 2016 and a post check survey on Aug 12th, 2016. 

The aim of these surveys was to capture the energy usage pattern and loads of all livelihood 

activities in the locality. A total of 81 establishments were surveyed, including 1 bank, 1 bar, 

2 clinics, 1 farmers coop, 7 hotels, 4 offices, 10 services stores, 39 general shops, 10 
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tailoring shops and 6 workshops. The different appliances used in the previous 

establishments are listed in Table 3 with their corresponding rated power or wattage. 

Table 3: Types of loads used in the different establishments in Amasebail 

Load types  Amount Total Wattage (W) 

Camera Light 2 200 

Closed Circuit Television (CCTV) 1 200 

Computer 8 1,000 

Fans 81 5,550 

Fax machines 1 200 

Refrigerator 28 13,250 

Hot air blower 1 100 

Iron boxes 7 7,000 

Lamination machines 2 1,300 

Lights 177 6,726 

Motorized systems 38 26,421 

Music systems 1 400 

Plastic bag sealer 1 20 

Printers 6 2,300 

Repair loads 2 6,000 

Weiging scales 14 280 

Scanner 1 200 

Soldering gun 5 125 

TV with set-top-box (STB) 5 980 

Welding Machine 1 3,000 

Xerox machine 2 2,700 

Total 384 77,952 

The previous loads were categorized according to the time of the day and the frequency with 

which they are used in order to estimate the commercial load profile of the community. The 

different usage patterns resulting from this classification are shown in Table 4. 
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Table 4: Usage patterns of the different loads used for commercial purposes. 

Usage pattern Usage time  Total Wattage 
(W) 

24 hours (Ex: Refrigerators) 0-24 h 13,250 

Continuous usage during work hours (e.g. Computers)  9-18 h 7,775 

Used during darker conditions (e.g. Lights)  0-24 h* 6,606 

Used during hot conditions (e.g. Fans)  11-16 h 5,250 

Intermittent loads (e.g. Welding, drilling)  8-19 h 21,765 

Regular loads (e.g. Tailor machines)  9-20 h 23,306 

Total - 77,952 

*  Lights used differently depending on time of the day: 33% of the load from 0 to 5 and 9 to 

17 h, 50% of the load from 6 to 9 h and 18 to 19 h, and full load from 19 to 24 h. 

According to the load patterns shown in Table 4 a typical daily load profile was created by 

adding the wattage of all loads working during each hour in the day. However, a distintion 

was made for the loads under the category “intermittent loads”: Since these loads are not 

used regularly throughout the working times in their establishments but rather eventually in 

random times of the day, modelling the load profile including these loads for all the hours 

when they might be used would lead to unrequired oversizing of the system. In order to 

avoid this, the intermittent loads were accounted for in a separate secondary load called 

“Electric Load 2” in HOMER. HOMER gives the possibility to disable the power supply to 

this secondary load when the grid is not available, hence avoiding the oversizing of the 

system for the use of irregular loads. Figure 28 shows the typical daily load in Amasebail 

excluding intermittent loads, so called “Electric Load 1” in HOMER. 

 

Figure 28: Daily load profile for a typical day in Amasebail, excluding intermittent loads 
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The secondary load “Electric Load 2”, accounting for all intermittent loads is depicted in 

Figure 29. 

 

Figure 29: Daily intermittent load profile in Amasebail 

The load variability parameters were set equal to the previous cases (refer to section 4.1 for 

further information). 

The scaled annual average power demands calculated by HOMER for Electric Load 1 and 2 

were 1,002.30 kWh per day and 261.18 kWh per day respectively. 

Energy system layout 

The layout of the GIMS system defined for the simulation case Amasebail can be seen 

in Figure 30. In this case, in addition to the solar subsystem (ABB50 in the figure), and wind 

subsystem (XL6 in the figure), the two loads “Electric Load 1” and “Electric Load 2” are 

connected to the grid-tied AC bus.  The DC bus, to which a battery bank (1kWh LA in the 

figure) is connected, connects to the AC bus through an AC/DC converter.  

 

Figure 30: GIMS system layout for the village of Amasebail 
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Solar PV subsystem 

The same solar panel technology as in the previous cases was considered, changing only the 

required capacity due to the higher electricity demand level. Considering the average daily 

demand and the possibility of feeding excess power back to the grid, an initial rated capacity 

of 100 kW was considered in this case, and the upper and lower simulation limits were set to 

150 and 50 kW respectively.  The cost per kWp was considered the same as in the 

Harobelavadi case. Applying this cost to the chosen capacity the capital cost for 100kW was 

104,000 USD (65 Lakh) and the replacement cost was 92,000 USD (57.5 Lakh). The O&M 

cost was again assumed to be 20 USD/kWp/year resulting in 2000 USD/year (1.25 

Lakh/year) for this capacity. 

The solar inverter ABB Trio was chosen for the connection of the solar plant to the AC bus 

of the system, with possible capacities of 90 and 100 kW in this case. The default inverter 

efficiency table given as default in HOMER was used for this component. 

Wind power subsystem 

As in the previous cases, Bergey Excel 6 kW wind turbines with 35 m of hub height and 20 

years lifetime were selected (the technical datasheet of this product can be seen 

in Appendix C.2  ). The quantity of wind turbines in the subsystem was initially set to 2 

turbines, with a lower and upper simulation limit of 0 and 10 turbines respectively. The wind 

power subsystem was assumed to be connected to the AC bus of the system. 

As in the previous cases, the wind power subsystem cost were assumed according to the 

report “Renewable Power Generation Costs in 2014” of IRENA [44] excluding the grid 

integration costs which are taken into account in the fixed cost of the system. Thus, a cost of 

14,442 USD was given as the capital and replacement cost and the O&M cost was assumed 

to be 28 USD/kWp/year according to the same report. 

Storage 

The same storage technology as in the previous cases (1 kWh lead acid batteries previously 

used by SELCO Foundation) was chosen for this analysis. All battery settings were equal to 

the previous case except for the battery bank reference size and simulation limits. A battery 

set of 150 units was given as a reference in this case with 0 and 250 units as upper and lower 
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limits respectively. The same prices per unit as in the cases of Harobelavadi and DS Halli 

were applied to this analysis.  

AC/DC Converter 

According to the peak load of the system in this case, the converter was initially sized with 

70 kW rated power, with a simulation range from 0 to 200 kW.  

The same hybrid grid-tied converter as in the case of Harobelavadi was applied. The 

specifications of this converter can be found in Appendix C.3   and the input data based on 

this spec sheet are the same as for the previous cases. The capital and replacement costs of 

the grid-tied converter were likewise set to 530 USD/kW and the O&M cost was assumed to 

be zero.  

Grid settings 

The electricity prices were set according to the Tariff Order 2017 published by MESCOM 

and the KERC for all grid purchases on or after the 11
th

 of April 2017 [65]. For the analysed 

project the applicable rates are those corresponding to “Areas under Village Panchayats”.  

According to this rate schedule, a fixed demand rate of 0.62 USD (40 INR) per kW installed 

of the system is charged per month. In addition, 0.105 USD/kWh (6.4 INR/kWh) are 

charged for the consumed energy. The sell-back rate for excess power fed into the grid was 

assumed to be equal to the agreed for the Harobelavadi project, which was 0.078 USD 

(5 INR). Simulations were run with this model both enabling and disabling the sales of 

excess generated power to the grid in order to analyse the potential savings associated to the 

grid sales possibility of GIMS systems.  

As in the previous case, a survey was conducted in the village to obtain information on the 

power outage situation throughout the year. The outcome of this survey determined that 

power cuts of 3 to 4 hours occur most days in the year, and power cuts take place almost 

every evening in the summer months (in June and even longer in July and August). To 

model this information, the average power outage frequency was set to 350/year in 

HOMER, the average repair time to 3,5 hours, and the repair time variability was set to 40% 

for all months in the year. In addition, scheduled power cuts were assumed in the evenings 

of the summer months, with a length of 1 hour in June (from 19:00 until 20:00) and 2 hours 

in July and August (from 19:00 until 21:00). Although the power cuts may not always occur 

at this time and for this length, HOMER doesn‟t allow including any variability for specific 
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power outages. The power outage distribution generated by HOMER with this data can be 

seen in Figure 31. 

 

Figure 31: Grid outage distribution throughout a year in Amasebail. 

Lastly, the maximum annual capacity purchase of grid power was set to 400 kW and the sale 

capacity was set to 300 kW. The limits were set according to a pre-assessment with 

HOMER in which it was shown that none of the results for grid purchases and sales reached 

these limits. 

Constraints 

As in the previous cases, a sensitivity analysis was carried out for the maximum annual 

capacity shortage to analyse the cost of reliability of the system in order to study how much 

users need to pay for a more (or less) reliable energy system in terms of hours of reliability. 

To this purpose, values from 0 to 5% were given as capacity shortage inputs with a step of 

1%. The correlation of these parameters (capacity shortage and NPC) was analysed in Excel 

as explained in the previous cases. 

In addition, as for the Harobelavadi system, a sensitivity analysis was carried out to study 

under which conditions of PV modules and battery prices the available results are valid. The 

same cost multipliers as in the previous cases were applied to this analysis. 

Economics 

The nominal discount rate, inflation rate and project lifetime were given the same value as in 

the Harobelavadi case study. Likewise, USD was the selected currency. The fixed capital 

and O&M costs, in contrast, vary from the previous case due to the different size of the 

system. In this case a 250 kVA transformer would be required for the system, which 

approximate cost in India is 4,220 USD (270,000 INR) [63]. The cost of the metering 

devices was assumed to be the same than for the Harobelavadi case. The costs associated to 

grid connection devices were likewise considered the same as in the case of Harobelavadi 



Methods 

 

58 

due to the need of a similar transformer and grid connection settings. The planning and other 

expenses were also assumed to be the same as for the Harobelavadi project. Summing up all 

the mentioned costs, the total fixed cost of the system results in 25,833 USD (16.7 Lakh).  

The system fixed O&M and the costs for the case were assumed the same as in the 

Harobelavadi case, which were 5,920 USD (3.7 Lakh) per year. For information on this 

settings refer to the section 4.1. 

The optimization settings were equal for the three case studies (refer to the section 4.1 for 

detailed information on the optimization parameters).  
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5 Results and discussion 

The results of the carried out simulations are presented in the following along with their 

discussion. A discussion on the validity of these results and the simulation model is also 

included in the second part of this section.  

5.1 Discussion of the results 

The following results subsections present the results of the previously presented research. 

These results aim to respond to the three questions of GIMS stated in the previous sections: 

whether it is feasible to apply hybrid PV-wind power generation systems in GIMS; how 

much can be saved in GIMS due to the possibility of exporting power to the grid: and how 

the overall system cost vary if a certain amount of capacity shortage is allowed. These three 

points of research are presented in the following for the three analysed villages. 

Harobelavadi 

As explained in chapter 0, all the presented simulations were carried out with and without 

the possibility of selling back power to the grid. Moreover, capacity shortage values from 0 

to 5% were allowed in each simulation. Table 5 and Table 6 present the results of the 

simulations for for GIMS with and without grid sales respectively, both including the results 

for all the capacity shortage values allowed, and the solar PV and hybrid PV/Wind system 

results for each of these capacity shortage cases. The results for solar PV GIMS are shown 

in grey background while those for hybrid PV/Wind systems are presented over a white 

background. 
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Table 5: Simulation results for the Harobelavadi GIMS system with grid sales 

Capacity 

shortage 

(%) 

Solar PV 

(kW) 

Inverter 

(kW) 

Wind 

(kW) 

Battery 

(kWh) 

Converter 

(kW) 

LCOE 

($) 

NPC 

($) 

Grid 

Imports 

(kWh) 

Grid 

Exports 

(kWh) 

0 112 90  420 74 0.2 547,509 122,154 91,451 

0 102 90 6 420 73 0.21 551,809 121,026 78,798 

1 118 90  260 51 0.162 457,451 122,571 101,568 

1 115 90 18 260 45 0.165 467,594 116,196 102,494 

2 87 90  200 39 0.172 417,030 125,546 60,920 

2 79 90 6 200 38 0.18 420,964 124,499 51,332 

3 79 90  180 23 0.17 393,228 124,725 49,911 

3 88 90 30 140 24 0.161 401,927 113,065 70,109 

4 91 90  120 25 0.148 365,836 122,340 69,032 

4 91 100 36 100 23 0.153 389,015 109,938 77,322 

5 88 90  100 18 0.145 349,385 121,503 65,010 

5 109 90 6 120 18 0.137 360,886 110,441 89,414 

By comparing the hybrid PV/Wind system results with the ones of their respective solar PV 

GIMS, it can be seen that the use of hybrid PV/Wind generation systems can produce 

savings of 5 to 6% of the LCOE with respect to solar PV GIMS in the cases with 3% and 

5% capacity shortage respectively. Nevertheless, in the rest of cases the hybrid GIMS 

resulted between 2% and 5% more expensive than the corresponding solar powered systems. 

The NPC resulted in all cases slightly higher (between 1% and 6%) for hybrid systems than 

for their respective solar GIMS cases. This occurs because the power generated by the 

hybrid GIMS is in most cases higher than the one generated by the analogue solar systems, 

resulting in a lower LCOE for some of the cases even if their NPC is slightly higher. This is 

also reflected in the grid purchases of the different systems: In all cases, hybrid GIMS 

required less power imports from the national grid than their corresponding solar GIMS. In 

addition, in all cases except for the ones with 0% and 2% capacity shortage hybrid GIMS 

enabled higher power exports to the main grid due to their higher electricity production. This 

influences the NPC and LCOE of the system, since it generates a source of income to 

recover the higher initial investment required in most hybrid GIMS cases due to the higher 

system capacity. The influence of these power sales is quantified by comparing these results 

with the ones in Table 6, which shows the results of the simulations without power sales to 

the grid for this village. 
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Table 6: Simulation results for the Harobelavadi GIMS system without grid sales 

Capacity 

shortage 

(%) 

Solar PV 

(kW) 

Inverter 

(kW) 

Wind 

(kW) 

Battery 

(kWh) 

Converter 

(kW) 

LCOE 

($) 

NPC 

($) 

Grid 

Imports 

(kWh) 

Grid 

Exports 

(kWh) 

0 66 90  460 66 0.296 560,408 129,471 0 

0 59 90 6 440 75 0.296 559,691 129,340 0 

1 53 100  280 54 0.248 464,327 135,887 0 

1 51 90 12 280 47 0.249 466,347 130,897 0 

2 63 90  200 45 0.229 425,903 131,148 0 

2 50 90 30 180 42 0.233 433,756 122,758 0 

3 57 90  180 25 0.214 393,778 130,808 0 

3 54 90 6 180 25 0.216 397,960 129,390 0 

4 51 90  160 22 0.206 377,035 132,444 0 

4 51 90 6 140 20 0.204 372,061 129,030 0 

5 62 90  100 25 0.199 359,278 126,903 0 

5 51 90 18 100 18 0.200 362,091 122,891 0 

The comparison of Table 5 and Table 6 shows that considerable savings can be obtained by 

selling excess power of the system to the national electricity grid. Savings of 23 to 32% of 

the LCOE were obtained in hybrid GIMS cases with grid sales in comparison to their 

analogues without that feature. In the solar GIMS cases, savings of 20 to 35% were 

achieved. This means that the power sell-back possibility of GIMS can reduce the cost of 

electricity of these systems in over a third of its value in the case of Harobelavadi.  

Cost of reliability 

Figure 32 shows the variation of the NPC (continuous lines) and LCOE (dashed lines) of the 

HOMER results for hybrid (blue lines) and solar (red lines) GIMS systems with the allowed 

capacity shortage. It can be observed that the NPC decreases gradually up to a 36% for solar 

GIMS and a 35% for hybrid GIMS when the allowed capacity shortage is increased from 0 

to 5%. The LCOE doesn‟t describe a gradual variation due to the change in energy 

production and grid purchases for each different case. Nevertheless, a reduction of 35% of 

the LCOE was shown for the hybrid system with 5% capacity shortage respect to the 0% 

one. In the case of solar GIMS, a reduction of 28% was achieved by increasing the capacity 

shortage from 0 to 5%. Hence, the allowance of a certain degree of capacity shortage in a 

system can offer significant savings in the cost of electricity, which might be an attractive 

option for those users without the need of 100% reliable power supply.   
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Figure 32: Variation of NPC and LCOE of Harobelavadi GIMS with allowed capacity shortage  

As explained in the methods section, the correlation of these parameters (NPC and LCOE 

with the capacity shortage of the system) was analysed in Excel to show to which extent the 

cost of the system depends on its reliability. The resulting value for the LCOE and capacity 

shortage correlation was -0.86 for solar GIMS and -0.90 for hybrid GIMS. For the case of 

the NPC, correlation values with the capacity shortage of -0.95 for solar GIMS and -0.94 for 

hybrid GIMS were obtained. This indicates high negative correlation between the cost of the 

system and its capacity shortage (this is, the higher the capacity shortage, the lower the 

price), which means that the cost of the system grows with its expected reliability. 

Variability of the system cost with components price 

In order to assess under which conditions the results and conclusions drawn from this study 

are valid, a sensitivity analysis was carried out for the prices of solar PV modules and lead 

acid batteries. Considering the availability of different prices in the market, and the fast 

learning curves of these components, especially of PV modules, different scenarios could 

take place for either of these components: On one hand, the system cost could rise to a 

certain extent if the applied PV modules and/or batteries have a higher price than the 

considered for this project, which is a significant possibility considering that Indian 

components are usually cheaper than international ones. There could be also the possibility, 
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however, that the prices of these components were cheaper than the used in this project. On 

the other hand, it is expectable that prices of these components decrease in the coming years 

due to the learning curves of these technologies. Therefore, a sensitivity analysis was carried 

out to consider all possible scenarios between the reduction of the price of these components 

to its half to an increase up to the double of their cost. To this aim, capital cost multipliers of 

0.5 to 2 were applied to the capital cost of solar PV modules and batteries. The results of this 

sensitivity analysis for a capacity shortage of 3% are shown in Figure 33.  

The coloured display in the figure represents the NPC of the system while the overlying 

white spots make reference to the system LCOE for the different scenarios. The horizontal 

variation of the NPC and COE corresponds to the cost variation as a consequence of the 

increase or decrease of the battery capital costs with respect to the ones used for the analysis 

in this project. The vertical variation of these parameters represents the effect of the increase 

or decrease of the solar PV capital costs on the cost of the system. 

 

Figure 33: Variation of NPC and LCOE of Harobelavadi GIMS with solar PV and battery prices 

It can be noticed from the figure that the solar PV modules price affects the total cost of the 

system to a higher extent than the battery prices, producing LCOE increases of up to 6 USD 

cents when the PV prices are the double from the considered for this study. The battery 

prices, however, seemed to make the system cost decrease slightly, which is possibly due to 

a resulting optimization design with less storage capacity under those price conditions. 
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DS Halli  

As in the previous section, Table 7and Table 8 present the results of the simulations with 

and without grid sales respectively, in this case for the village of DS Halli. Both tables 

include the simulation results for allowed capacity shortage from 0 to 5% for both the solar 

PV (on grey background) and hybrid PV/Wind system cases (on white background).  

Table 7: Simulation results for the DS Halli GIMS system with grid sales 

Capacity 
shortage 

(%) 

Solar PV 
(kW) 

Inverter
 (kW) 

Wind 
(kW) 

Battery 
(kWh) 

Converter 
(kW) 

LCOE 
($) 

NPC  
($) 

Grid 
Imports 
(kWh) 

Grid 

Exports 

(kWh) 

0 246 200  1,640 246 0.231 1.72 435,498 155,268 

0 239 150 48 1,460 238 0.225 1.66 415,665 147,154 

1 179 150  980 209 0.205 1.38 462,610 84,974 

1 207 150 18 960 193 0.193 1.37 443,814 121,534 

2 180 150  860 164 0.191 1.29 458,316 87,866 

2 211 150 24 860 146 0.181 1.29 434,759 127,434 

3 231 150  680 166 0.167 1.21 440,977 146,280 

3 230 150 6 680 161 0.167 1.21 438,308 147,118 

4 211 200  660 118 0.165 1.16 438,578 131,410 

4 205 150 42 580 122 0.162 1.14 421,492 134,857 

5 187 150  560 114 0.162 1.09 441,270 104,442 

5 188 150 6 560 113 0.162 1.10 438,387 106,282 

In the case of DS Halli, hybrid GIMS resulted cheaper than solar GIMS in all capacity 

shortage cases, although the obtained savings are relatively small. Comparing the hybrid 

PV/Wind system results with the ones of their respective solar PV GIMS, it can be noticed 

that the use of hybrid PV/Wind generation systems can reduce the LCOE of the system in 2 

to 6% with respect to solar PV GIMS. The hybrid systems NPC resulted 1% to 3% cheaper 

than the one of solar GIMS.  

Although the effects of grid sales on the DS Halli system cost can‟t be appreciated easily 

from the results in Table 7, it can be quantified by comparison of the LCOE and NPC in 

Table 7 and Table 8. 
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Table 8: Simulation results for the DS Halli GIMS system without grid sales 

Capacity 

shortage 

(%) 

Solar PV 

(kW) 

Inverter 

(kW) 

Wind 

(kW) 

Battery 

(kWh) 

Converter 

(kW) 

LCOE 

($) 

NPC 

($) 

Grid 

Imports 

(kWh) 

Grid 

Exports 

(kWh) 

0 170 250  1,740 249 0.303 1.83 457,959 0 

0 153 250 60 1,520 234 0.291 1.75 433,514 0 

1 120 150  1,080 198 0.241 1.44 491,933 0 

1 108 150 54 1,000 187 0.239 1.43 467,219 0 

2 124 150  880 177 0.225 1.33 485,199 0 

2 99 150 6 1,040 150 0.232 1.38 503,337 0 

3 135 150  760 154 0.214 1.26 473,016 0 

3 113 150 18 820 129 0.215 1.27 474,765 0 

4 118 150  680 135 0.205 1.19 478,235 0 

4 105 150 54 620 125 0.205 1.19 454,780 0 

5 103 150  620 115 0.197 1.14 484,010 0 

5 131 150 6 620 103 0.198 1.15 458,925 0 

Comparing Table 7 and Table 8, significant savings from sell-back power can be 

appreciated. Savings of 18 to 23% of the LCOE were achieved in hybrid GIMS cases with 

grid sales in comparison to their analogues without that feature. Solar PV GIMS enabled 

savings of 15 to 24% of the LCOE respect to the systems without grid sales. Hence, 

although not reaching the high savings level of the Harobelavadi case, considerable savings 

can be achieved in the GIMS case of DS Halli by means of power sales to the main grid. 

Cost of reliability 

The influence of the allowed capacity shortage on the total cost of a GIMS system is 

illustrated in Figure 34. A more drastic NPC reduction takes place when the allowed 

capacity shortage is increased from 0 to 1%, reducing the NPC of the solar GIMS system by 

a 20% with respect to the 0 capacity shortage case. In the case of hybrid GIMS a 17% of the 

NPC could be saved by allowing 1% of capacity shortage in the system. From 1 to 5% 

capacity shortage the NPC decreases gradually, resulting in a NPC of the solar GIMS with 

5% capacity shortage that equals the 37% of the original NPC with no shortage allowance. 

The NPC of the hybrid GIMS was reduced to its 34% by increasing the allowed capacity 

shortage from 0 to 5%. The correlation analysis in Excel showed once more that the cost of 

the system and its reliability are highly correlated. For the correlation analysis between the 

LCOE and the capacity shortage of the system, a correlation parameter of -0.95 for solar 
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GIMS and -0.94 for hybrid GIMS was obtained. For the NPC, correlation values of -0.92 for 

solar GIMS and -0.94 for hybrid GIMS respect to the capacity shortage resulted from this 

analysis. 

 

Figure 34: Variation of NPC and LCOE of DS Halli GIMS with allowed capacity shortage  

Variability with component cost 

As in the previous case of study, a sensitivity analysis was carried for the DS Halli GIMS 

system in order to assess under which conditions the results and conclusions of this analysis 

are valid. As for Harobelavadi, simulations were carried out for PV modules and battery 

prices from 0.5 to 2 times the original price defined for the HOMER simulations. The results 

of this sensitivity analysis for a capacity shortage of 3% can be seen in Figure 35.  
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Figure 35: Variation of NPC and LCOE of DS Halli GIMS with solar PV and battery prices 

As in the case of Harobelavadi, it can be noticed in Figure 35 that the total cost of the 

system is more dependent on the solar PV modules price than the battery price due to the 

more intense colour gradient in the PV Cost multiplier axis. In this case the LCOE of the 

system doesn‟t vary more than a 1% for increases in the battery price of up to the double of 

the originally considered price. The PV module prices, in contrast, can make the system 

LCOE increase by almost 30% if their prices are the double than the applied for this 

analysis. 
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Amasebail 

Table 9 and Table 10 show the simulation results for the village of Amasebail with and 

without grid sales respectively. The simulation results for allowed capacity shortage from 0 

to 5% for both the solar PV and hybrid PV/Wind system cases are included in the tables. 

Table 9: Simulation results Amasebailu system with grid sales  

Capacity 
shortage 

(%) 

Solar PV 
(kW) 

Inverter 
(kW) 

Wind 
(kW) 

Battery 
(kWh) 

Converter 
(kW) 

LCOE 
($) 

NPC 
($) 

Grid 
Imports 
(kWh) 

Grid 

Exports 

(kWh) 

0 150 100  660 74 0.193 822,154 201,361 11,153 

0 150 100 48 380 80 0.161 712,347 153,789 28,516 

1 142 100  260 59 0.148 628,807 209,627 13,879 

1 148 100 36 180 39 0.134 583,344 164,811 25,930 

2 137 100  220 33 0.140 585,840 211,449 12,205 

2 147 100 36 120 24 0.125 539,795 162,505 27,009 

3 148 100  140 31 0.129 544,987 199,090 18,123 

3 145 100 42 80 13 0.118 510,565 155,860 29,711 

4 138 90  100 20 0.125 515,148 205,428 12,281 

4 123 90 48 60 7 0.118 496,448 167,710 19,848 

5 132 100  80 12 0.120 494,007 205,444 13,505 

5 143 100 48   0.106 458,188 146,126 35,605 

As in the previous study cases, it can be noticed from Table 9 that the use of hybrid 

PV/Wind generation systems can reduce the LCOE of the system considerably respect to 

solar PV GIMS. LCOE reductions of 9 to 17% and NPC reductions of 4 to 13% can be 

achieved with the use of hybrid GIMS instead of exclusively solar PV ones for almost all 

cases. All other simulation cases presented significantly higher grid sales for the hybrid 

GIMS than for the solar powered ones, leading as a consequence to the mentioned cost 

savings. The influence of the grid sales in the overall system cost can be more thoroughly 

understood by comparing Table 10 and Table 12. 
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Table 10: Simulation results for the Amasebailu GIMS system without grid sales 

Capacity 
shortage 

(%) 

Solar PV 
(kW) 

Inverter
 (kW) 

Wind 
(kW) 

Battery 
(kWh) 

Converter 
(kW) 

LCOE 
($) 

NPC 
($) 

Grid 
Imports 
(kWh) 

Grid 

Exports 

(kWh) 

0 150 100  660 74 0.196 812,769 201,361 0 

0 141 90 54 400 73 0.173 717,770 157,722 0 

1 143 100  260 57 0.151 619,494 209,007 0 

1 140 100 36 200 38 0.143 588,282 171,137 0 

2 138 100  220 32 0.141 577,035 209,888 0 

2 140 100 36 120 27 0.133 541,582 167,996 0 

3 142 90  140 25 0.132 534,134 206,278 0 

3 132 100 42 80 16 0.127 512,589 166,897 0 

4 125 90  120 20 0.128 512,590 218,700 0 

4 140 90 42 60 11 0.123 495,061 154,983 0 

5 103 90  100 20 0.127 503,909 245,204 0 

5 135 90 54   0.117 466,420 149,931 0 

The comparison of Table 10 and Table 12 proves, once more, the significance of grid sales 

for achieving competitive prices in grid-tied systems of this scale. The resulting savings 

were much lower than in the previous study cases: LCOE savings of 4 to 9% for hybrid 

GIMS systems and of 1 to 5% for solar powered GIMS were achieved in the case of 

Amasebail. The NPC reductions were minimal (1%-3%) in comparison to other cases. This 

is probably due to the commercial load type in this case: the solar power generation and 

biggest type of the load occur at the same time, not needing to export excess power 

generated in low consumption hours to the grid. Although wind power production occurs 

also during the night, when the consumption is lower, the wind capacity is notably lower 

than the solar installed capacity in all cases. For this reason, the grid exports feature of 

GIMS may not be as useful in this case as in residential load cases. 
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Cost of reliability 

As in the previous analyses, Figure 36 shows the variation of the system LCOE and NPC 

with the allowed capacity shortage.  

 

Figure 36: Variation of NPC and LCOE of Amasebail GIMS with allowed capacity shortage 

As in the previous cases, the most drastic cost savings can be observed between the systems 

with 0 and 1% capacity shortage, for which the LCOE could be reduced by 24% for solar 

GIMS and 18% for hybrid GIMS with respect of the 0% capacity shortage case. Moreover, 

savings of 38% of the LCOE for solar GIMS and 34% for hybrid GIMS can be achieved if 

the allowed capacity shortage is increased to 5% in comparison to the 0% case. Likewise, 

40% of the NPC for solar GIMS and 36% of the NPC for hybrid GIMS could be change 

with this level of capacity shortage. This implies that over a third of the overall system cost 

can be saved by allowing a small capacity shortage level, making this kind of GIMS systems 

much more accessible to those users willing to allow a limited amount of power outages. 
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Variability with components cost 

As in the previous cases, the validity of the presented results is proved by analysing 

probable scenarios of variation of the PV modules and battery prices. To this aim, a 

sensitivity analysis was carried out with capital cost multipliers from 0.5 to 2 for the 

mentioned component prices. The results of this sensitivity analysis for a capacity shortage 

of 3% are presented in Figure 35.  

 

Figure 37: Variation of NPC and LCOE of Amasebail GIMS with solar PV and battery prices 

Even more than in previous cases, the PV module price proved to have a much larger 

influence on the overall system cost than the battery price. In this case, no influence of the 

battery price on the LCOE of the system can be appreciated and a very light variation of the 

NPC with this parameter can be appreciated. In contrast, the increase of the PV prices 

resulted in an increase of 4 USD cents in the LCOE for the case in which the PV prices are 

double the originally considered ones, and a decrease of the same quantity when the prices 

are the half of those defined for this analysis.  A significant variation of the NPC with the 

PV module price can be also observed in the figure by means of the intense colour gradient 

throughout the different values of this parameter. 
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5.2 Discussion of the simulation model 

The presented model fulfilled the three goals of this research: First, the feasibility of the use 

of hybrid PV/Wind power systems in GIMS was analysed by comparing the system costs of 

hybrid GIMS to the ones of exclusively solar powered GIMS. Second, the contribution of 

grid sales to the GIMS system feasibility was studied by comparing analogue cases with and 

without the possibility of feeding power back to the national grid. Lastly, the cost of power 

supply reliability was quantified by calculating the cost of GIMS systems with different 

levels of allowed capacity shortage. However, there are some considerations that were not 

taken into account in this model. 

First of all, the effect of the different components on the quality of the power that is fed back 

to the grid is not taken into account in this research. It was seen in chapters 2 and 3 that all 

power insertions into a national grid must meet certain power quality standards, which can‟t 

be proved with this HOMER simulation model. Despite enabling thorough analyses of the 

feasibility of hybrid energy systems, HOMER doesn‟t make any electrical considerations on 

the power generated and transferred within them. Hence, an additional power quality 

analysis is required to prove the legal viability of the GIMS systems analysed in this project. 

Moreover, the fluctuations of the generated wind power are also neglected by HOMER, 

which considers the wind power generation uniform based on the average wind speed for 

each month. Wind power fluctuations are also a major issue for the grid integration of these 

systems due to the difficulty of matching instantly the available power supply and demand. 

This is one of the reasons of the relevance of combined solar and wind power systems, 

which can‟t be represented with the simulation model of this project. 

For the cases of Harobelavadi and DS Halli the measurements of 1 day of electricity 

consumption were taken as a typical daily load, assuming random load variability between 

different days, months, and years. Although for this study it was not possible to carry out a 

longer measurement of the loads, a larger set of data or longer measurement period is 

recommended for a more accurate load assessment. 

It has to be noted that, for each particular GIMS case, the size of the required transformer 

and safety devices may vary depending on the available grid infrastructure in the village of 

analysis. For this research a voltage level was 11 kV in the three studied villages. However, 

this is not necessarily the case of all locations in India. The conditions and requirements of 

the grid infrastructure on the site of a GIMS installation may change considerably the fixed 
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capital cost of the system. 

The variation of components cost and electricity tariffs could not be considered in the model 

because of the unavailability of the multi-year module when running simulations with the 

HOMER advanced optimizer. In case of having certainty of the component sizing options in 

future analyses, the search space mode could be used for the optimization in order to enable 

the multi-year analysis and consider such variations. 

Sustainability was fulfilled in all its dimensions in this project. From the environmental 

point of view, this research aims to promote the use of renewable energy sources for power 

generation, facilitating the reduction of GHG emissions from power plants, which is 

currently a significant problem worldwide and particularly in India. Furthermore, the 

application of GIMS systems for electrification of rural areas can reduce considerably the 

currently common use of kerosene lamps in India, which contribute to the local air pollution 

in India and are cause of both environmental and health harms. However, the presented 

model doesn‟t take into account the life cycle environmental impact of GIMS projects. For 

instance, the GHG emissions and resource consumption that take place in the manufacture 

of the system components are not taken into account in this model. A Life Cycle 

Assessment (LCA) of GIMS should be carried out in order to quantify the actual impact of 

these projects in all their stages. Moreover, the indirect emissions of GIMS systems due to 

the power imports from the grid, which are to a large extent generated with fossil fuels, are 

not taken into account in this research. In addition, despite being less harming for the 

environment than fossil fuels, renewable energy technologies such as wind turbines have 

environmental consequences such as acoustic pollution and visual impact.  

From the economical point of view, GIMS produce a regular source of income thanks to the 

power sales to the grid that helps recover the project capital and especially operational 

expenses, making the project economically sustainable in comparison to off-grid systems.  

Lastly, GIMS aim to promote sustainable development by providing power reliability to 

rural and remote communities. Power reliability is essential for the success and 

improvement of small businesses and livelihoods, as well as for education purposes. The 

implementation of GIMS systems brings development opportunities to these areas, making 

their application sustainable from the social point of view.  
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6 Conclusion and outlook 

The objective of the present study was to analyse three aspects of GIMS feasibility. First, the 

influence of using hybrid wind and solar PV systems as GIMS generation technology on the 

total GIMS system cost was analysed by comparing the LCOE and NPC of hybrid PV/Wind 

and exclusively solar PV GIMS systems for three different locations in Karnataka. Second, 

the potential savings GIMS can offer due to the possibility of selling power to the grid were 

analysed by comparing the LCOE and NPC of the system with and without grid sales. 

Lastly, the cost of reliability of power supply was represented by the influence of allowing 

certain amounts of capacity shortage on the cost of the system. Although the feasibility of 

these technologies depends highly on the meteorological conditions of the GIMS location, 

this research aims to provide an estimate on how much the selected generation technology, 

grid exports and power reliability can affect the total price of a GIMS system. 

The outcome of this research shows that up to 17% of the cost of GIMS systems could be 

saved by using hybrid PV-wind power generation units. However, these savings occurred 

for the case of Amasebail, which had the greatest wind potential among the three cases 

included in this study. Moreover, this case presented a commercial load profile, with its peak 

load occurring during the day, mostly in the early afternoon. This is not the case in which 

GIMS are needed the most, since most of the electricity production (primarily from solar 

power) takes place at the same time as its highest electricity consumption. GIMS are most 

adequate for cases such as mostly residential consumption villages, in which the peak load 

takes place in the evening when the electricity production is minimal and, in the case of 

India, most power cuts occur. This is reflected in the analysis of the potential savings that 

can be obtained in GIMS due to the case sell-back of excess power to the national electricity 

grid. The case of Amasebail showed the lowest savings from grid sales (up to a 9% of the 

LCOE) in comparison to savings up to 24% and 35% in the cases of DS Halli and 

Harobelavadi respectively. Due to its commercial load, the case of Amasebail was able to 

adjust its electricity production and demand much more precisely than the others without the 

need of interacting with the national grid. Hence, it can be concluded that GIMS can bring 

greater benefits to those villages presenting a mostly residential electricity demand. It is 

recommended, as continuation of this GIMS research, to analyse the feasibility of GIMS in a 

locality with similar or better wind resource conditions as Amasebail, but mostly residential 

electric load profile. It is expected that the savings produced thanks to the use of wind power 

in the system and due to the power export to the grid could be much higher in this case. 
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Regarding the cost of reliability of GIMS systems, the analysis proved that the capacity 

shortage allowed in GIMS and their NPC are highly correlated and indirectly dependent on 

each other. Savings of about 20% of the net present cost of the system were achieved by 

allowing a capacity shortage of 1% in the system (if this shortage would be distributed 

regularly in the year, this would be the equivalent to less than 15 minutes per day of power 

cuts). Furthermore, if the capacity shortage of the system is reduced to 5% (about one hour 

of power shortage per day) the price of GIMS could be decreased in between 28% and 40% 

of its original (with no capacity shortage allowance) in all cases. Therefore, the allowance of 

small amounts of capacity shortage (between 15 and 60 minutes) in GIMS systems can 

reduce their price significantly and make them an affordable back-up solution comparable in 

costs to stand alone systems. The decision on the level of capacity shortage allowed in a 

GIMS system should be done according to the necessities of the community to which power 

is provided. For example, if critical loads such as hospitals are present in the village, 100% 

power supply reliability may be required. However, for residential and small businesses it is 

generally an option to sacrifice a small amount of this back-up hours in order to obtain the 

mentioned savings in their GIMS system. It is worth to mention that the feasibility of GIMS 

systems is analysed in this project considering that all households (when applicable) and 

commercial loads in each village would be connected to the system. Therefore, the GIMS 

cost and feasibility resulting from this research can be compared to equivalent off-grid 

solution cases in which an off-grid mini-grid or stand-alone-systems are used in all of these 

households and loads. However, in reality, it may happen that not all households and small 

businesses are willing to pay the same price to increase their power reliability or may differ 

in the back-up hours they require. In reality, when allowing certain capacity shortage in a 

GIMS system, a compromise must be found for each village considering the requirements of 

all their households and businesses. 

The uncertainty of the simulations in this study was limited to an error of 0.1% which means 

a small fraction (0.001 out of 1) of the results can differ from the values obtained in 

HOMER. In addition, the load assessment of the different villages in this study was done 

through different methods, which generates another point of uncertainty in the comparison 

of the analysed GIMS with each other. Although the loads of the cases of Harobelavadi and 

DS Halli were assessed by measuring the actual electricity consumption for a day in these 

villages, the load for Amasebail was done by analysing the peak power capacity of the 

systems used in the commercial establishments of the village multiplied by the hours these 

systems are normally used. However not all of these systems are used the whole time or at 
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their full capacity during these hours (i.e. refrigerators operate in cycles instead of 

continuously). Therefore, it is likely that the estimated load for this village is higher than its 

actual electricity load, resulting in the potential oversizing of its GIMS system and a higher 

degree of uncertainty in this particular case.  

It must be noted that the presented analyses and results are highly dependent on the load 

type and resource availability in the localities of study. Hence, the results obtained for these 

three cases can‟t be applied to other GIMS systems and aim exclusively to provide 

information on the feasibility of these isolated cases and an overview on the savings the 

mentioned features of GIMS can produce.  

The research present in this thesis aims to promote the implementation of GIMS to improve 

the sustainability of energy generation in India all its dimensions. From an economic point 

of view, GIMS can ensure feasible, reliable power supply to rural communities generating a 

source of income for the system maintenance and further economic development of the 

community. This leads to a faster social development in these areas due to the improvement 

of livelihoods thanks to the increased reliability of their power supply, making power 

generation through GIMS sustainable from a social perspective. Ultimately, GIMS can help 

to increase the use of renewable energies for power generation in India and therefore 

contribute to addressing the environmental problems that the country is currently facing. 
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Appendix 

A   Grid interconnection methods of GIMS 

Table 11: Potential grid interconnection methods for GIMS 

Method Description Roles of RESCO and DISCOM 

Interconnection with 

partial export 

RESCO exports only the excess power 

generated, beyond which is consumed 

by its customers, to the main grid. 

RESCO continues generation and 

distribution independently, but also 

supplies excess generation to 

DISCOMs grid. DISCOM continues 

distribution independently. 

Interconnection with 

full export 

RESCO becomes an independent 

power producer (IPP). RESCOs power 

distribution network (PDN) can be 

dismantled, relocated, or purchased by 

the DISCOM and integrated into its 

network. 

RESCO can continue generation only 

or become a Franchisee of the 

DISCOM undertaking distribution 

responsibilities on its behalf (under 

contractual agreement with DISCOM). 

DISCOM continues distribution, 

unless RESCO takes the task as a 

Franchisee. 

Interconnection with 

partial import 

RESCO continues generation and 

imports part of its power from 

DISCOMs grid to charge its battery 

bank and supply customers through its 

own PDN. 

RESCO becomes a customer of 

DISCOM and continues generation 

and distribution independently or as a 

Franchisee of DISCOM. 

DISCOM continues distribution 

independently of RESCO. 

Interconnection with 

full import 

When the grid arrives to an existing 

mini-grid making its generation not 

feasible anymore, RESCO can stop 

generation (import all power from 

DISCOM) and its PDN can be used for 

distribution purposes of DISCOM. 

DISCOM may purchase RESCOs 

PDN and use it as part of its 

distribution network, or RESCO may 

become a Franchisee of DISCOM 

taking all distribution responsibilities. 

Interconnection with 

import and export 

RESCO exports only the excess power 

generated, beyond which is consumed 

by its customers, to the main grid. 

RESCO also imports part of its power 

from DISCOMs when the mini-grid 

doesn‟t generate power. 

RESCO continues generation and 

distribution as a partial customer of 

DISCOM, but also supplies excess 

generation to DISCOMs grid. 

DISCOM buys excess power from 

RESCO and uses it for last mile power 

distribution. 
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B   Renewable energy resource mapping 

B.1   Solar photovoltaic resource mapping  

Figure 38 shows the average annual global horizontal irradiation in India according to the 

National Renewable Energy Laboratory. 

 

Figure 38: Indian average annual Global Horizontal Irradiation [66] 
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B.2   Wind resource mapping  

Figure 39 shows the wind power density in India at the height of 50 m. 

 

Figure 40: Wind power density in India at the height of 50 m 
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C   Components specifications 

The following sections include the data sheets with the technical specifications of the 

different components included in the presented simulations. In the cases in which generic 

components of HOMER were applied the specifications were mentioned and cited along 

with their description in chapter 0. 

C.1   Technical specifications of the solar PV panels 

The input data for the solar PV panels in the presented simulations were based on the 

technical data of the solar panels Eldora Grand of the manufacturer Vikram Solar, which are 

currently being used for the Harobelavadi GIMS project by SELCO Foundation. The 

following data sheet presents the technical specifications of these panels. 
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Figure 41: Eldora Grand data sheet (page 1 of 2) 
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Figure 42: Eldora Grand data sheet (page 2 of 2) 
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C.2   Technical specifications of Bergey Excel 6 Wind turbine 

The technical specifications of the turbine Bergey Excel 6 are shown in Figure 43 and 

Figure 44. 

 

Figure 43: Bergey Excel 6 Technical Datasheet (page 1 of 2) 
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Figure 44: Bergey Excel 6 Technical Datasheet (page 2 of 2) 
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C.3   Technical specifications of Conext XW Grid-Tied Converter 

 



Appendix 

 

87 

 



Appendix 

 

88 

D   Solar PV derate factor calculation 

 The derate factor of a solar PV system is the combination of all the external efficiencies 

other than the module energy transfer efficiency. The company SolarWorld provides a range 

of acceptable values for the derate factors due to these phenomena in their technical bulletin. 

In addition, some of the values were assumed according to the derate factors stated by the 

software PV Watts of the National Renewable Energy Laboratory (NREL), which can be 

found in the PV Watts manual [67]. An aging derate factor of 85% was assumed by 

calculating the average of efficiency loss with age from the performance warranty section of 

the previously presented Vikram Solar datasheet. No derate factor is included for the solar 

inverter since the efficiency of this component is considered in HOMER separately. 

Likewise, no losses due to grid availability are considered, since this is taken into account 

separately in HOMER. All other derate factors were assumed as the default values of the 

software PV Watt. The overall derate factor calculation is presented in Table 12. 

Table 12: Derate factor calculation for the PV subsystem 

Loss mechanism Derate factor/efficiency 

Soiling 0.95 

Shading 1.0 

Snow 1.0 

Mismatch/connections 0.98 

Wiring 0.98 

Nameplate rating 0.95 

Age 0.85 

Total 0.74 
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Figure 45: Technical bulletin of the company SolarWorld for the analysis of their PV system derate factor
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