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Abstract 

Reducing dependence on fossil fuels is the need of the hour as climate change threatens 

to disrupt the world’s ecosystems. Nowhere are these effects more apparent than in 

small oceanic coral atolls. Balancing the energy needs of urbanising populations with the 

fragility of these systems is a challenge. This thesis examines the current energy model 

of two Indian Ocean islands in the Lakshadweep Archipelago (Minicoy and Kadmat), and 

proposes two new energy models which include renewable energy systems that may 

partially replace diesel, become economically profitable and do the least damage to 

fragile marine ecosystems. 

The current energy model and characteristics of both islands were studied and restricted 

all potential interventions from areas within reef lagoons which contain potentially 

vulnerable ecosystems like lagoonal patch reefs, seagrass meadows and reef crests. 

These habitat maps are notional, and not based on ground-truthed data. However, it 

serves as a heuristic approach to exploring alternate energy systems in atolls like 

Lakshadweep. 

The simulation programme HOMER was used to explore different available hybrid 

energy systems and to evaluate their technical and economic performance. The 

simulation analysed, combined and compared the feasibility of using several alternate 

systems consisting of floating PV panels, windturbines and diesel generators (which are 

currently the primary source of energy on the islands).  

Several hybrid models were obtained which were analysed with the statistical software 

Minitab to identify an optimal hybrid model. For Minicoy, a hybrid system with 300 kW 

of floating PV panels, 7 wind turbines and 600 batteries (15 string of 40 batteries each, 

connected in parallel with a voltage for each string of 480V) to supplement existing 

diesel generators was determined as the optimal system achieving 21% of renewable 

energy production. For Kadmat, a hybrid system with 800 kW of floating PV panels, 1 

wind turbines and 1200 batteries supplementing existing diesel generators was 

identified as the ideal combination achieving 28% of renewable energy production. It 

must be emphasized that these models need to be evaluated against ground-truthed 

habitat maps of the lagoon. 

These heuristic models would reduce diesel consumption in a 16% for Minicoy and a 

29% for Kadmat; and would also reduce the total cost for both islands, 8% for Minicoy 

and 12% for Kadmat, with a low initial investment of 2.4 million dollars for each island. 

Despite these models would have a low impact in the local ecosystems, they would 

affect them. So, in the final analysis, this project raises larger questions of how best to 

mitigate the global effects of climate change, when these measures may impact local 

ecosystems, that are already succumbing to a changing climate. For atolls like 

Lakshadweep, we must be careful that the cure does not turn out to be worse than the 

disease. 
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Nomenclature 

 

RES:  Renewable Energy Systems 

HOMER: Hybrid Optimization for Multiple Energy Sources 

PV:  Photovoltaic 

NPC:  Net Present Cost  

COE:  Cost Of Energy 
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1. Introduction 

1.1. Background 
Climate change is one of the biggest challenges of the 21st century. As governments 
struggle to mitigate its effects, there has been a strong push to reduce global 
dependence on polluting energy sources derived from fossil fuels to less pollutant 
energy resources. While there have been considerable strides made towards this, there 
are many regions that are still almost 100% dependant on fossil fuels [1]. Many remote 
islands around the world have been using diesel transported from the continent as their 
main energy source for many years. A case in point is Lakshadweep, an archipelago 
governed by India located in the Arabian Sea off the west coast of mainland India. In 
2014 only a 9% of total installed capacity in Lakshadweep islands came from renewable 
energy (solar) while the other 91% came from diesel [2], transported in barrels from the 
mainland in old wooden ships. As a consequence, 97% of energy production in the 
Lakshadweep islands came from Diesel and only a 3% was generated by solar energy 
systems [3].  

Lakshadweep, like many other island archipelagos are particularly vulnerable to the 
impacts of global climate change. The islands are coral atolls and the reefs have been 
subject to repeated El Niño related coral mass mortalities which threaten not merely 
the ecosystems, but the habitability of the islands themselves [4]. Being coral atolls, 
“their low level makes them vulnerable to sea level rise” [5]. Climate change is clearly 
one of the biggest challenges the islands face, so finding alternatives to fossil fuel would 
be of great value. Given the global influence of climate change, this may make very little 
difference to the ecological trajectories of the Lakshadweep, but it is a sustainable 
direction worth considering as the energy demands of these islands increases with 
increasing urbanisation. 

In the last year, the Indian government has earmarked the islands for promoting the 
development of high-end beach tourism, adventure and eco-tourism. To support this, 
there are several plans to install more renewable energy systems in the islands to make 
them energy sufficient and climate friendly. However, there are concerns that these 
plans do not consider the potential local environmental impact of these energy systems 
on ecosystems [5]. The Indian government assures that the fragile ecosystems of the 
islands will be kept intact in all developmental planning. Many of these plans are based 
on expanding infrastructure to the lagoons, which are home to some of the most critical 
coral reef and seagrass ecosystems [6]. How to develop energy systems in these 
locations while still respecting the ecology of these sites is a difficult challenge. 

1.2. Aim 
This thesis aims to evaluate different renewable energy sources that may be suitable to 
the Lakshadweep islands given its geographic and demographic characteristics to 
identify an economical profitable renewable energy systems (RES) combination to 
reduce the dependence on diesel. Economical and technical limitations will be 
considered, and human intervention will be restricted on ecologically vulnerable areas.  
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1.3. Approach 

This study will focus on two representative islands of the archipelago: Minicoy and 
Kadmat and will be limited to a global energy study based on total energy consumption 
and global energy potentials of these islands without entering into the specific design of 
a renewable energy power plant or system. As such, the thesis provides a potential 
approach that can be used when evaluating energy systems for atoll islands like 
Lakshadweep. 

A simulation-based approach with HOMER software (Hybrid Optimization for Multiple 
Energy Sources) was used to identify the best possible combinations of energy systems. 
The results were analysed with the statistics software Minitab to find which proposed 
solution is the most economically profitable. This is the first study of its kind that 
accounts for the conservation of critical ecosystems within the Lakshadweep and it 
could serve as a useful model to evaluate the relative feasibility of incorporating renewal 
energy sources in developmental planning of these atolls. 

1.4. Literature Review 
A detailed literature research was conducted, to identify previous scholarly work done 
in this field using multiple databases: Sciencedirect, DiVA, Scopus and Google Scholar. 
The following keywords referring to Lakshadweep islands and to renewable energy 
sources were used: “Renewable energy + island”, “Solar energy + island”, 
“Lakshadweep”, “Lakshadweep + energy”, “Floating PV”, “battery energy storage 
systems”, etc… In parallel, it was also searched for official reports and scientific articles 
on Lakshadweep ecosystems and their conservation problems [4], including journal 
articles related to ecosystems, ecology and island fragility [5].  

It is important to point that remote islands all around the world have “varying energy 
development paradigms” [1]. Remote islands can be classified according to their 
percentage of energy imported: from almost 100% of their energy imported like Malta, 
Cyprus, Curacao, Mauritius and Jamaica to net fossil fuel exporters like Trinidad and 
Tobago, and Bahrain [1]. Islands also differ in their energy supply diversity, from a 
diverse fuel mix like Mauritius and Iceland to being almost 100% dependant of fossil 
fuels like Malta and Curacao [1]. Most vulnerable islands in terms of security of supply 
are those where almost 100% of their energy is imported and derived from fossil fuels. 
Lakshadweep archipelago can be classified among the most vulnerable. 

These vulnerable security-of-supply islands are also vulnerable in terms of energy cost 
because “the consensus indicates that there can be expected volatility of prices on the 
international oil markets, with a progressive increase in crude oil, which would mainly 
affect countries that are highly dependent on oil imports” [7].  

Multiple “successful experience(s) of renewable energy development” [8] have been 
implemented in other offshore islands like Samso, Reunion, Crete, King Island, Agios 
Efstratios, Utsira or El Hierro. Renewable energy development in these islands have 
been studied in detail and it has been observed that offshore islands “are usually granted 
with a variety of Renewable Energy Sources” [8]. So “each island needs to choose the 
optimal hybrid energy system technically and economically” [8] that fits with their 
specific case.  
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Actions to reduce diesel dependence are being taken in many remote islands around the 
world. Unsurprisingly, the first islands that started taking action were mostly island 
nations because their dependence on the oil market added to the fact of not having any 
continental land to guarantee regular shipments of diesel makes them “exposed to 
multiple supply vulnerabilities” [1].  

Maldives is one nation that is particularly conscient of its need to change its energy 
model to a more renewable one. There have been several studies and implementations 
of renewable energy systems in Maldives which can be used as a model for Lakshadweep 
due to its similar characteristics in terms of geographical characteristics, location and 
their diesel-based energy model. The integration of clean energy in small island power 
systems has been studied focusing on Maldives, designing a “hybrid diesel-solar 
photovoltaic systems with energy storage” [9] using the HOMER software. The study 
concludes that hybrid diesel-solar systems in Maldives are “economically attractive and 
environmentally appealing” [9]. 

The current energy model of Maldives has also been studied in more global terms, 
focussing in the “existing mode of water and energy supply system” [10] and its 
problems, and analysing different renewable energy sources suitable for this 
archipelago. After comparing the production capacity and the energy and water 
demand, it was concluded that Maldives have the potential to be water and energy self-
efficient. 

However, any change to a renewable energy model cannot last if it is not economically 
feasible [11], so the importance of economic feasibility for remote islands must be 
considered. Researchers have begun exploring the installation of floating photovoltaic 
(PV) systems. These systems, that have already begun to be used in multiple places like 
lakes in China, lakes in Japan and in Maldives, “can save a lot of land and water resources 
and obtain higher power generation efficiency” [12]. Because temperature increases in 
a PV array result in a drop in performance, “floating PV systems can have higher 
electrical efficiency due to the cooling effects of the water body on the solar panels” 
[13]. Moreover, land is a scarce resource in islands so a RES that does not require it, 
solves one of the main challenges for the implementation of RES in islands. While 
floating PV systems have their advantages, they can also have deleterious impacts by 
blocking out light to shallow-water ecosystems, potentially serving a large threat to their 
health and survival. 

Apart from PV systems, other renewable energy systems like wind power systems have 
been explored in great detail as an energy solution for remote islands. Wind power is 
used as a renewable energy source in multiple islands like Reunion or Canary Islands was 
studied [8]. In other islands like the Aegean sea Archipelagos, the feasibility and 
limitations of building new wind parks is being actively explored [14]. It is important to 
note that is typical for island regions to possess excellent wind potential, with areas with 
long-term high average wind speed due to the absence of natural barriers. 

One of the biggest challenges of using solar and wind energy sources for providing 
energy to remote islands is that its capacity of production is not constant, so it is not 
easy to adjust it to the power demand. This obstacle can be solved by installing large 
battery energy storage systems. In Graciosa Island a project that “combines a large scale 
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battery energy storage system with renewable electricity generation from wind power 
and photovoltaics in a hybrid power plant” is being tried out [15]. The use of large-scale 
battery energy storage systems have been widely studied in many continental based 
renewable energy power plants [16] [17] [18] [19]. Battery energy storage systems have 
the same requirements and characteristics no matter where they are located, and all 
knowledge about them can be used in battery energy storage systems located in remote 
islands with the only impediment of having enough area to locate them. 

The Lakshadweep archipelago already has a few land-based RES currently installed, 
amounting to 3% of energy production coming from solar energy systems [3].  

There are also plans to install new RES in several islands to provide energy to future 
tourist resorts in Minicoy, Kadmat and Suheli islands [6] and there have been published 
articles referring to an increase in RES in other islands from the archipelago like Kavaratti 
[20], the most populated capital island. The viability, benefits and problems of installing 
a hybrid system to reduce fossil fuel consumption in Kavaratti island and substitute it 
with RES with energy storage systems was studied.  

Summarizing all articles cited above, most remote islands are facing the same challenge 
in terms of changing their model to a more renewable energy based. This change has 
been widely studied in multiple archipelagos all around the world focussing largely on 
their technical and economic specifics. A wide variety of renewable energy sources have 
also been analysed. However, although there are some studies referring to the specific 
case of Lakshadweep islands, there have been no studies that take on board the 
ecological vulnerability of island systems and the potential ecological costs of 
implementing RES. Neither have there been any studies focussing on the energy model 
of the two islands that will be studied in this thesis: Minicoy and Kadmat. In this context, 
this thesis attempts to develop an approach to integrating RES into the energy model of 
these islands while taking into account the ecological fragility of the islands and their 
lagoons. 
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2. Theory 
There are several theorical concepts related to solar energy that must be defined to 

understand the following chapters. 

Latitude is the angle measured at the centre of the Earth, between the Equator plane 

and the studied place and it is expressed either north or south, and varies from 0° to 90° 

[21]. Longitude is the angle measured at centre of the Earth, between the studied place 

and Greenwich and it can be measured either east or west and varies from 0° to 180° 

[21]. 

Daily solar radiation on ground surface, Gc (kWh/(m2·day)) is the total radiation received 

on a horizontal surface of 1m2 at ground surface at a certain latitude and longitude 

during one day [21].  

𝐺𝑐 = 𝐺𝑐𝑏 + 𝐺𝑐𝑑    (1) 

 

Gcb (kWh/(m2·day)) is the Beam Radiation that is the solar rays reaching the ground 

without change in direction. And Gcd (kWh/(m2·day)) is the Diffuse Radiation that is the 

solar rays reaching the ground after a change in direction by particles in the atmosphere. 
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3. Method 

3.1. Procedure 
To understand the case study, information about Lakshadweep in terms of its 
geographical characteristics, population, weather, etc. was collated. Ecological experts 
working in Lakshadweep were interviewed to determine the state of nearshore 
ecosystems and to identify the vulnerability of the ecosystems to infrastructural 
developments. It was also done a detailed search of newspaper articles and reports 
about the ongoing proposals to develop tourism and install renewable energy systems 
on the islands. 

Once I had a general idea of the characteristics of the islands, a more detailed study 
focussing on the energy model from the islands was done to determine the current 
energy model and to explore alternatives that are being applied in other remote islands 
around the world.  

It was decided to limit the study to two representative islands instead of analysing all 
inhabited islands from the archipelago. The decision of limiting the study comes from 
the limitation of time and resources and the need to analyse every island separately 
since they do not have a shared energy network; each island has its own diesel 
generators. It was decided to study Minicoy and Kadmat islands. These two islands have 
been specifically choses for the following reasons: 

• Minicoy is a highly populated island with a high energy consumption. It is 
representative of the biggest islands: Kavaratti, Andrott and Minicoy.  

• Kadmat is a moderately-populated island with an intermediate energy 
consumption. It is representative for other moderately populated islands: Amini, 
Kadmat, Agatti. 

• In both islands there are plans to build new tourist resorts with new renewable 
energy systems that may be harmful for local ecosystems. This study will propose 
a less harmful alternative option for new energy plans on both islands. 

Initially it was also intended to study the case of Suheli island, a small uninhabited island 
used exclusively by fishermen, but which is currently slotted for the building of new 
tourist resorts. However, getting reliable data from this island added to the fact that its 
energy consumption is very small in comparison with the two other studied islands, 
made me take the decision to exclude it from the study. 

The purpose of the study was to take into account fragile ecosystem in the lagoon before 
designing an energy system which could endanger it. Detailed and current habitat maps 
of the lagoon were not available, but based on inputs from ecological researchers 
working on the islands, I constructed a habitat map that located potential areas that 
should be kept without development because of their fragility. It must be emphasised 
that these maps are based on a classification that has not been ground truthed. As a 
result, this exercise serves as a useful heuristic but will require more accurate ground 
truthing before it can be considered. 
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After setting this restriction to the study, official published reports were used to obtain 
the annual energy consumption and the demand peak for both islands [2] [3] [25]. Solar 
[26] and wind speed [27] data were also obtained from both islands. 

With this data and the present number of diesel generators and their capacities in each 
island [3], the software HOMER was used to analyse the present model and to evaluate 
the viability of adding new renewable energy sources to substitute or supplement diesel 
generators. It is explained in the following chapters.  

HOMER software is a tool specifically designed to study hybrid energy systems 
combining in a single tool the study of conventional resources, renewable resources, 
storage systems and load management [22].  

After inputting all resource information and present energy generators into HOMER 
software, a simulation of the present energy model was carried out. Later, new possible 
resources were added to this model and finally, after inputting all energy and economic 
data, and after applying geographical and environmental restrictions (based on the 
habitat maps of the lagoon), the new model was simulated. This provided multiple 
optimal results that were analysed with the statistics software Minitab [24] and 
compared with the present model simulation. These results are shown and analysed in 
the following chapters. 

3.2. Current situation 

The present energy model for Lakshadweep islands is based almost exclusively on diesel 
generators. Around 97% of energy production in the Lakshadweep islands comes from 
diesel [3]. Furthermore, Lakshadweep islands do not have oil reserves and all diesel must 
be brought from the mainland, making it more expensive and polluting. Every year, 
107,500,000 litres of diesel are shipped from the mainland according to the Union 
Territory Lakshadweep (UTL) Administration [28]. Diesel is transported in 200/210 litre 
capacity barrels from Calicut in Kerala, India, by barges to the atolls. There, barrels are 
then moved to smaller open barges and distributed to different islands. Finally, barrels 
are transported by truck from jetty to the stockyards.  

In addition, during the monsoon season, May to September, maritime routes are 
strongly affected and the link between mainland and islands becomes non-functional. 
Communication and transportation are disrupted because mid-sea disembarkation of 
barrels becomes very risky due to high sea and high-speed winds. As a result, the diesel 
consumed during monsoon season has to be stocked on the islands and stored there in 
advanced.  

Focussing on the two islands that have been studied, Minicoy and Kadmat, their present 
energy model is based on diesel generators. 

The energy consumption and peak demand of both islands from the past years [2] [3] 
were obtained as well as the expected energy and demand scenario for the year 2019 
[25] which is shown below in Table 1. 
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Table 1 Energy and Demand Scenario for the year 2019 in Minicoy and Kadmat islands 

 Minicoy Kadmat 

Expected peak demand 2019 2.76 MWp 1.48 MWp 

Expected energy consumption 2019 26901 kWh/day 13150 kWh/day 

 

Each island has multiple generators that can work simultaneously to fit the energy 
demand. Table 2 shows the installed capacity in the studied islands.  

 

Table 2 Installed capacity (kW) in studied islands [3] 

Island Diesel installed Capacity (kW) 

Minicoy 1000x2+400x2+1500x1=4300 

Kadmat 250x5+400x1+750x1=2400 

 

First, the present model was simulated without considering any existing PV solar system. 
This assumption was made because there is no published information available referring 
to the presence of PV systems in both islands. Additionally, if there were some PV 
systems installed, their capacity would be extremely low compared to the capacity of 
diesel generators. As a result, even with this assumption, we can be fairly confident that 
the base model is accurate and the obtained results reliable.  

 The energy cases of the study islands are shown in Table 3: 

 
Table 3 Equipment considered in the present  model simulation 

Equipment to Consider Minicoy Kadmat 

Diesel Generators 
installed Capacity (kW) 

1000x2+400x2+1500x1 
=4300 kW 

250x5+400x1+750x1 
=2400 kW 

Scheme of the model 
with all equipment 
considered 
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These two models were simulated with HOMER software obtaining the energy 
consumption and economic results which are shown and analysed in the following 
chapters. 

3.3. New Model 

3.3.1. Available resources 

According to the 2011 census, Minicoy and Kadmat had a total population of 10,444 and 
5,389 inhabitants respectively with an average decadal population growth rate of 6.23% 
[28].  

The main geographical characteristic of these islands is that most of their surface is 
dominated by lagoons. Minicoy island has a dry land area of 4.37 km2 and 30.6 km2 of 
lagoon. Kadmat island has a dry land area of 3.12 km2 and 37.5 km2 of lagoon [28]. 

This limited land area also means that population densities on both islands are very high: 
2,379 people/ km2 in Minicoy and 1,727 people/ km2 in Kadmat [28], making them some 
of the most densely populated parts of rural India. 

The limited dry land area and a high population also has a huge impact on the 
implementation of a new energy model with RES. Table 4 shows two aerial images of 
the islands where the large lagoon area compared to dry land can be seen. 

 

Table 4 Aerial Images of Minicoy and Kadmat islands [29] 

Minicoy Kadmat 

  
 

Most of the available land is already used for buildings and agriculture so RES that 
require a high dry land area, like solar PV land-based farms, are not workable options 
for the islands. However, the large area of calm waters in the lagoons, protected by coral 
reefs, offers the possibility of installing floating solar PV systems. However, the lagoons 
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are particularly ecologically vulnerable and the ecosystems within them are highly 
susceptible to disturbance from infrastructural development. This also seriously limits 
the area available for installing RES systems. 

Lakshadweep islands have a large solar potential due to their geographical location in 
the tropics, 10.6°N 72.6°E. In addition, the fact of being surrounded by the sea implies 
that there are no natural/human built barriers for solar energy to reach the lagoons.  

However, climate seasons in Lakshadweep have two main seasons: a dry season from 
October to April and a monsoon from May to September. During the monsoon there is 
a drop in solar radiation due to clouds and rain as can be observed in Figure 1. 

 

 

 

 

 

 

 

 

Wind is the other main natural resource available in Lakshadweep islands. During 
summer months, monsoon winds alternately blow from the northeast and the 
southwest, reversing their dominant direction with the seasons over the Arabian Sea. In 
the winter, the winds blow from Southwest Asia toward the sea and in the summer, the 
winds blow from the sea toward land [30]. These winds blowing all the year in the 
Arabian Sea, added to the fact that Lakshadweep are totally open on the west to the 
sea, without natural/human built barriers, causes strong and constant winds blowing all 
the year in the archipelago as can be seen in Figure 2 and Figure 3. Winds are especially 
strong during summer months when monsoon winds blow from the Arabian Sea 
(west/northwest) to the islands and India. See Table A1 in the Appendix A section for 
more information.  

 

 

 

 

 

 

Figure 1 Solar radiation in Lakshadweep islands [26]  

Figure 2 Annual Wind Speed in Minicoy 
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Another main resource that can be combined with solar and wind is the one that is 
presently being used, diesel. Its major benefit is that diesel energy generators are 
already installed so no new initial investment is required. And, since it is already installed 
it does not impose any new threat on the lagoons.  

Finally wave energy is the other main resource available in the islands. The nearshore 
waters of Lakshadweep (outside the lagoon) receives high wave breaking forces and 
wave power generation may be a feasible solution for the islands [28] [31]. However, 
HOMER software does not offer the possibility of simulating RES that use this energy, 
and so, it has not been possible to study the use of wave energy.  

 

3.3.2. Environmental Restrictions 

Despite having multiple benefits of renewable energy systems based on wind and solar 
energy (no emission of greenhouse gases and zero cost of raw material) renewable 
energy sources require larger areas than fossil fuel-based energy systems. The paucity 
of available dry land implies that renewable energy systems must either be installed in 
the lagoons or on the coral reef. This serves as a significant threat for the ecosystem, 
already subject to multiple climate-change disturbances.  

The lagoon is home to several ecosystem types that need complete protection. In 
particular, after consultation with ecologists working in the Lakshadweep, I identified 
three habitat areas that are critical to protect within reef lagoons in the Lakshadweep: 

1. Reef Crest and Shelf: Primary growing areas of the reef that form the outer 
framework of the atoll. They are particularly vulnerable right now since they 
have been most exposed to repeated El Niño events and have seen rapid declines 
over the last twenty years [4]; the stability of the islands is dependent on them. 

2. Coral patches: Lagoon patches with coral in them. They are essential to protect 
because they are the only areas that are potentially well-adapted to climate 
change effects. Many corals whose populations have gone practically extinct on 
the outer reefs are still present in the coral patches and they are therefore very 
important nursery and refuge sites for the reef. They are the “insurance sites” 
for these atolls.  

3. Potential seagrass areas: Shallow sandy areas that either currently have or have 
recently had extensive seagrass meadows on them. Seagrass meadows are a 

Figure 3 Annual Wind Speed in Kadmat 
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critical ecosystem and perform valuable nursery functions as well as provide 
stability to coastal systems. They are also the food of protected species like green 
turtles. While green turtles have completely overgrazed meadows in many areas, 
conserving the habitats where seagrass can grow back is vital to ensure that 
these meadows can recover. 

The distribution of these habitats within the lagoons of Minicoy and Kadmat were 
estimated and roughly mapped after consultation with researchers working in these 
islands. These maps are shown in Figure 4 and Figure 5. As one of the purposes of this 
thesis was to define a model with a low local environmental impact, it was decided to 
exclude these areas from any infrastructural development.  

 

 

Figure 4 Aerial image of Minicoy where vulnerable areas are marked 

 

 

Figure 5 Aerial image of Kadmat where vulnerable areas are marked 

 

The maps shown in Figure 4 and Figure 5 were meshed to determine the percentage of 
the lagoon available for new energy systems. Finally, knowing the area of each lagoon 
and the percentage of available area, the area available for installing renewable energy 
systems was determined as it is shown in Table 5. 
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Table 5 Meshed aerial image and available area in the lagoons 

 Minicoy Kadmat 

Meshed Map 

  

% of available 
area in the 
lagoon 

35% 46% 

Area of the 
lagoon 

30.6 km2 37.5 km2 

Area available 
for renewable 
energy systems 

10.71 km2 17.35 km2 
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3.3.3. New energy systems and HOMER software 

After defining the solar and wind potential and the environmental restrictions, it was 
explored which energy systems were suitable for these two cases of study.  

3.3.3.1. Diesel Generators 

The present model of diesel generators for each island was introduced into the HOMER 
software in order to build hybrid simulations to identify optimal hybrid energy models. 
The capacity of these generators was presented in Table 2. 

It was also factored in a replacement cost and the O&M cost of each generator, the 
lifetime and the minimum load ratio according to [20]. 

A diesel price of 0.889$/L [20] was set, slightly higher than the price set by default in the 
HOMER software due to the extra costs of shipping the fuel to the Lakshadweep islands 
from the continent.  

It is important to note that HOMER does not allow a temporally varying diesel price, and 
the package assumes that this rate remains constant for the entire period. In this 
context, this study was not able to quantify exactly how much projected increases in 
diesel prices would make RES additionally profitable in the future. 

3.3.3.2. Wind turbines 

For wind energy generators it was used the database provided by HOMER software. 
From it, it was decided to study the possibility of installing one model: WES 30 [20] a 2-
bladed upwind turbine. It was factored in its capital cost, replacement cost and 
Operation and Maintenance (O&M) costs since these have been earlier studied in a case 
study for Kavaratti island [32]. This wind turbine has a hub height of 25m and a diameter 
of 30m. Its rated power is 0.25 MW and has an initial capital cost and replacement cost 
of 225000 $/unit. Its operation and maintenance cost is 16875 $/year unit and its 
lifetime is 20 years. Figure 6 shows its power curve.  

 

 

Figure 6 WES 30 power curve 

 

It was explored the possibility of installing up to 10 units of WES 30 upwind turbine in 
each island. 
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3.3.3.3. Floating PV Systems 

As explained earlier, the use of floating PV solar energy systems installed in the lagoon 
was explored. These floating solar panels have been simulated with an electricity 
generation efficiency of 14.6% according to [12] and a lifetime and capital costs including 
PV module, inverter, other hardware costs (including racking and wiring), floating 
structure, mooring and anchoring and installation labour shown in Table 6 [13] [33] [34]. 
In these costs, inverters costs are also included.  

 

Table 6 Floating PV system properties [13] [33] [34] 

Capital cost  O&M cost  PV System Lifetime Inverter Lifetime 

2350 (US$/kWp) 47 (US$/(kWp·year)) 25 years 10 Years 

 

It was only factored in the installation of floating solar PV panels without a tracking 
system. HOMER software only offers the possibility of installing a single type of PV 
system type for each simulation, so it was decided to use the system without the 
tracking systems with a lower investment and maintenance cost but also with a lower 
performance. 

A 100 kW solar system has around 380 to 410 PV panels. Each panel measures around 

1.6m x 1m, so at least 656 m2 of lagoon area is required for each 100 kW of floating PV 

system [35]. This implies that for each island the maximum power capacity installed for 

the simulation of the floating PV system is limited by the demand and not by the 

available area, because it is much larger. So, to study the optimal combination of energy 

systems, a possibility of covering almost all the power required with floating PV systems 

was explored as it can be seen in Table 7. 

 

Table 7 Floating PV systems installed capacity for each island 

 Minicoy Kadmat 

Lagoon Area 30.6 km2 37.5 km2 

% Lagoon Area available 
for PV solar 

35% 46% 

Lagoon Area available for 
PV solar 

10.71 km2 17.35 km2 

Possible maximum 
capacity of floating PV 
installed 

2700 kWp 1400 kWp  

 

According to this, the power capacity range assumed for the simulation of the floating 
PV system in Minicoy is between 0 kWp and 2700 kWp [20] [36], and also for the inverter 
[20] [36]. For Kadmat these values range from 0 kWp and 1400 kWp [20] [36]. 
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3.3.3.4. Wave power generation 

As it was explained before, HOMER does not offer the possibility of simulating this type 
of RES, and it has been left out of the simulations.  

3.3.3.5. Batteries 

The installation of battery energy storage systems was also considered. Conventional 

generic batteries have been included for straggling surplus energy and supplying in case 

of high demand. 

HOMER library contains multiple commercial battery types and a vented deep-cycle 

lead-acid battery of 12 V with string size 40 was chosen for both islands. Each string of 

batteries has 40 batteries connected in series and so each string has a voltage of 480V. 

It was factored in the following costs shown in Table 8. 

 

Table 8 Battery energy storage Systems [20] 

Capital Cost Replacement cost O&M cost Lifetime 

300 $/kWh 75 $/kWh 7.5 $/kWh year 7 years 

 

The range assumed for the simulation of the batteries in Minicoy was between 0 and 25 

strings of batteries in parallel and for Kadmat between 0 and 35 strings. In Kadmat the 

range was increased from 25 to 35 strings in parallel after first obtaining a simulation in 

which the optimal solution had 25 strings in parallel. To check if the optimal solution 

required more than 25 strings, the simulation was repeated with the possibility of 

installing up to 35 string of batteries in parallel. 

 

Mixing the present model with the new renewable energy systems: floating PV, wind 
power generator and storage batteries; in Table 9 it is shown the energy case studies 
obtained: 
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Table 9 Equipment considered in the new model simulation 

Equipment to Consider Minicoy Kadmat 

Diesel Generators 1000x2+400x2+1500x1 250x5+400x1+750x1 

WES 30 upwind turbine Up to 10 Up to 10 

Floating PV panels Up to 2700 kWp Up to 1400 kWp 

Batteries Up to 25 string in parallel Up to 35 string in parallel  

Scheme of the model 
with all equipment 
considered 

  
 

 

Finally, all different possible hybridations were calculated with HOMER software. With 
this, all feasible hybrid models were obtained for both islands and its multiple costs: 
initial capital cost, operating cost, renewable fraction, etc, which are shown in the 
following chapters.  

The statistics software Minitab was used to analyse these solutions to determine the 
optimal hybrid model presented in the Discussion section.  
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4. Results and Discussion 
After factoring in all data from the present energy model to HOMER software, it 
generated every possible combinations of the present diesel generators to supply the 
energy demand for each island including its costs and diesel consumption. 

All the combinations provided by HOMER software can be found in the Appendix B: 
Table B1 and Table B2.  

For the new hybrid energy model, after inputting all data to HOMER software including 
energy potential, possible energy systems and applying the environmental restrictions, 
it was obtained every possible hybridations for each island.  

For the study of Minicoy and Kadmat islands, the following calculations, shown in Table 
10 and Table 11, were done by HOMER software: 

 
Table 10 Number of HOMER calculations for Minicoy case 

Number of calculations Description 

283,619 Solutions were simulated: 

        60,796 Were feasible 

      222,823  Were unfeasible 

326,749 Solutions were omitted 

 

Table 11 Number of HOMER calculations for Kadmat case 

Number of calculations Description 

988,877 Solutions were simulated: 

177,766 Were feasible 

811,111 Were unfeasible 

911,923 Solutions were omitted 

 

From all feasible solutions, HOMER software reported 106 optimised hybridations for 
Minicoy and 684 for Kadmat. For a complete list of all the optimised hybridations 
provided by HOMER software, see the Appendix B: Table B3 and Table B4.  

These results were analysed using the statistics software Minitab. The purpose of the 

analysis was to identify the optimal model for Minicoy and Kadmat islands based on the 

potential solutions derived from HOMER. 

First, it was evaluated which variables to include in this analysis. From the list, variables 
related to economic and investment factors were chosen as well as variables related to 
pollution and percentage of renewable energy sources. Table 12 and Table 13 
summarise the variables provided by HOMER software with the ones chosen for 
analyses marked in grey; for the base models analyses and for the new hybrid models 
analyses.  
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Table 12 Chosen variables for the base models analyses 

Minicoy Kadmat 

kW of Generator 1 installed kW of Generator 1 installed 

kW of Generator 2 installed kW of Generator 2 installed 

kW of Generator 3 installed kW of Generator 3 installed 

kW of Generator 4 installed kW of Generator 4 installed 

kW of Generator 5 installed kW of Generator 5 installed 

- kW of Generator 6 installed 

- kW of Generator 7 installed 

Initial capital ($) Initial capital ($) 

Operating cost ($/yr) Operating cost ($/yr) 

Total Net Present Cost (NPC) 
($) 

Total Net Present Cost (NPC) ($) 

Cost Of Energy COE ($/kWh) Cost Of Energy COE ($/kWh) 

Renewable fraction (%) Renewable fraction (%) 

Diesel (L) Diesel (L) 

Generator 1 (hrs) Generator 1 (hrs) 

Generator 2 (hrs) Generator 2 (hrs) 

Generator 3 (hrs) Generator 3 (hrs) 

Generator 4 (hrs) Generator 4 (hrs) 

Generator 5 (hrs) Generator 5 (hrs) 

- Generator 6 (hrs) 

- Generator 7 (hrs) 

 

Table 13 Chosen variables for the new hybrid models analyses 

Minicoy Kadmat 

kW of PV installed kW of PV installed 

Number of wind turbines installed Number of wind turbines installed 

kW of Generator 1 installed kW of Generator 1 installed 

kW of Generator 2 installed kW of Generator 2 installed 

kW of Generator 3 installed kW of Generator 3 installed 

kW of Generator 4 installed kW of Generator 4 installed 

kW of Generator 5 installed kW of Generator 5 installed 

- kW of Generator 6 installed 

- kW of Generator 7 installed 

Size of the Battery installed Size of the Battery installed 

kW of converter installed kW of converter installed 

Initial capital ($) Initial capital ($) 

Operating cost ($/yr) Operating cost ($/yr) 

Total Net Present Cost (NPC) ($) Total Net Present Cost (NPC) ($) 

Cost Of Energy COE ($/kWh) Cost Of Energy COE ($/kWh) 

Renewable fraction (%) Renewable fraction (%) 

Diesel (L) Diesel (L) 

Generator 1 (hrs) Generator 1 (hrs) 
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Generator 2 (hrs) Generator 2 (hrs) 

Generator 3 (hrs) Generator 3 (hrs) 

Generator 4 (hrs) Generator 4 (hrs) 

Generator 5 (hrs) Generator 5 (hrs) 

- Generator 6 (hrs) 

- Generator 7 (hrs) 

Batt. Lf. (yr) Batt. Lf. (yr) 

 

4.1. Base model 

For the base model, of all the possible combinations of generators provided by HOMER 

it was selected two cases (one for each island) where all the generators that are available 

are used, because it is closest to the situation on the ground. Additionally, these two 

cases are the ones with lowest operating cost and total Net Present Cost (NPC). 

Table 14 and Table 15 show the economic and energy results for both energy models: 

 

Table 14 Results for base model of Minicoy 

Initial 
Capital ($) 

Operating 
cost ($/yr) 

Total NPC 
($) 

COE 
($/kWh) 

Renewable 
fraction 

Diesel (L) 

0 3079490 39366212 0.314 0.00 3423011 

 

Table 15 Results for base model of Kadmat 

Initial 
Capital ($) 

Operating 
cost ($/yr) 

Total NPC 
($) 

COE 
($/kWh) 

Renewable 
fraction 

Diesel (L) 

0 1501715 19196956 0.313 0.00 1669363 

 

Because this is the model that is presently being employed on the islands, they do not 

incur any initial capital cost. From these results the total NPC was used as an economic 

limit for the new hybrid models, setting as a target the reduction of the NPC from the 

present model. Hence, the total cost of the new model should not be higher than the 

total cost of the present model, in order that the new model is both economically as 

well as environmentally more beneficial for the island. 

 

4.2. New Model 
To analyse the results provided by HOMER software for the two new hybrid models, it 

was compared, first, the two variables related to pollution and renewable energy, 

Renewable fraction (%) and Diesel (L), to find out if there is any correlation between 

these two variables. As can be seen (Table 16) these two variables are inversely 
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proportional for both islands. The higher the renewable fraction, the lower diesel 

consumption as it can be seen in the next.  

 

Table 16 Scatterplot with regression. Diesel (L) and Renewable fraction (%) 

Minicoy 

 

Kadmat 

 
 

The R-sq value for both analyses are 92.9% and 85.0%, showing a robust and strong 

inverse relationship between these two variables for both islands. 

Next, economic factors were introduced to the study.  

First it was explored the relation between diesel consumption and costs: operating cost, 

initial investment, Cost Of Energy (COE) and total Net Present Cost (NPC). Diesel 

consumption varies proportionally with the operating cost, COE and total NPC, and is 

inversely proportional with initial investment. These results imply that the optimal 

solution should minimize diesel consumption. Table C1 in the Appendix C provide 

detailed graphs of these relationships. This implies that it is not necessary anymore to 

focus the environmental target of reducing the diesel consumption independently. 

Focusing directly on reducing the total NPC (the target economical parameter that have 

been chosen to minimize), will simultaneously see a reduction in diesel consumption. 
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Then, it was analysed the correlation between different energy systems and NPC. With 

this calculation it is possible to find which energy systems have more impact on the total 

NPC which need to be maximized or minimized.  

It is important to emphasize that it has been chosen to base the economic study on the 

total NPC because this value represents the present value of all costs the system incurs 

over its lifetime, minus the present value of all revenue it earns over its lifetime. As a 

result, it incorporates the total cost of each hybridation solution. Table 17 and Table 18 

summarise the results of this analysis, showing the correlation between each energy 

system and NPC. 

 

Table 17 Correlation between NPC and the different energy systems in Minicoy 

Correlation 
with NPC 

PV WES 30 
Generator 

1 
Generator 

2 
Generator 

3 
Generator 

4 
Generator 

5 
Battery 

Pearson 
correlation 

-0.322 -0.608 0.090 -0.023 -0.023 -0.288 -0.288 -0.171 

P-value 0.001 0.000 0.362 0.818 0.818 0.003 0.003 0.080 

 

Table 18 Correlation between NPC and the different energy systems in Kadmat 

Correlation 
with NPC 

PV WES 30 Generator 
1 

Generator 
2 

Generator 
3 

Generator 
4 

Generator 
5 

Generator 
6 

Pearson 
correlation 

-0.677 -0.087 -0.002 -0.002 -0.002 -0.002 -0.002 -0.432 

P-value 0.000 0.023 0.954 0.954 0.954 0.954 0.954 0.000 

 

Correlation 
with NPC 

Generator 
7 

Battery 

Pearson 
correlation 

-0.150 -0.509 

P-value 0.000 0.000 

 

According to the values obtained of the Pearson correlation coefficient and the p-value, 

the energy systems that correlate highest with NPC for Minicoy are the floating PV 

panels and wind turbines WES 30, both with a p-value of 0.000 and 0.001 which means 

that there is significant correlation. So, from now on, the study focused on finding the 

best combination of floating PV panels and wind turbines which minimizes the total NPC 

since these are the principle means of reducing the NPC. The converter has not been 

considered because its importance is directly related to the importance of the floating 

PV system. 

For Kadmat, the energy systems with the highest correlation with total NPC are the 

floating PV panels, the Generator 6 and the Batteries; all with a p-value of 0.000 for the 

three variables. So, from now on, the study focused on finding the best combination of 

PV, Generator 6 and Battery which minimizes the total NPC. 
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From this point on, the study of the two models has been split, analysing them 

independently. 

 

Minicoy 

To find the best combination of PV and wind turbines with the lowest total NPC, it was 

conducted a three variable analysis relating PV and wind turbines WES 30 with NPC. For 

this it was used a contour plot, which provides a two-dimensional view where all points 

that have the same response are connected to produce contour lines of constant 

responses. The contour plot can be seen in Table 19. 

 

Table 19 Contour Plot relating PV and wind turbines with NPC for Minicoy 

 Minicoy 

PV vs WES30 vs 
NPC 

 
 

In parallel with the contour plot, it was directly analysed the data provided by HOMER 

to identify the hybridations that minimize total NPC. This shows that the optimal 

combination between floating PV panels and wind turbines that minimized total NPC is 

obtained combining 300 kW of floating PV panels and 7 wind turbines WES 30, as can 

be seen in the previous Table 19.  

There were only 12 optimal solutions provided by HOMER that conformed to this 

selection of 300 kW of floating solar panels and 7 wind turbines WES 30.  

All 12 solutions had the same Initial capital cost (2,445,000$) and the same Renewable 

fraction (21%). From all, the hybridation with the lowest Diesel consumption, NPC, 

Operating cost and COE is shown in grey in Table 20, and so, this hybridation was chosen 

as the optimal hybrid model for Minicoy. 



25 
 

 

Table 20 Optimal solutions provided by HOMER for Minicoy with 300 kW of floating PV panels and 7 wind turbines WES 30 
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After analysing with the software Minitab the results obtained from HOMER, the chosen 

hybrid model for Minicoy island is shown in Table 21. 

 

Table 21 Chosen hybrid model for Minicoy island 

Component 
Present in the 

model 
Size/number 

of units 

Floating PV panels (kW) 
 

300 

wind turbines WES30 (u) 
 

7 

Generator 400 kW (u) 
 

2 

Generator 1000 kW (u) 
 

2 

Generator 1500 kW (u) 
 

1 

Batteries 6FM200D (u) 
 

600 

Converter (kW) 
 

200 

 

In economic terms the implementation and use of this model is shown in Table 22. 

 

Table 22 Economic information of the chosen hybrid model for Minicoy island 

Initial 
Capital ($) 

Operating 
cost ($/yr) 

Total NPC 
($) 

COE 
($/kWh) 

Renewable 
fraction 

Diesel (L) 

2,445,000 2,651,580 36,341,084 0.289 21% 2,859,317 

 

The floating PV system covers 1,967 m2 of the total area of the lagoon which means that 

the impact in the local lagoons ecosystems is much lower than the maximum impact set 

as limit on this study. On the other hand, the seven WES 30 wind turbines will also 

require foundations which will have a higher impact on the lagoon ecosystems, which 

needs to be careful evaluated. The composite model represents the best fit between 

environmental damage and energy production. 
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Kadmat 

To find the best combination of floating PV, Battery and Generator 6 which minimizes 

the total NPC in Kadmat, it was removed Generator 6 from the first analysis. Generator 

6 is a binary variable which means that it is either used or left idle. It implies that this 

variable does not affect the cost of the initial investment, another important variable. 

As a result, it dropped from the first analysis to first identify the optimal combination of 

floating PV and Batteries. For this first analysis, like in Minicoy, a contour plot was used 

to identify a list of potential hybridations from the solutions provided by HOMER that 

minimize the total NPC. The contour plot can be seen in Table 23. 

 

Table 23 Contour Plot relating PV and batteries with NPC for Kadmat 

 Kadmat 

PV vs Battery vs 
NPC 

 
 

This analysis provides an optimal combination between floating PV panels and Batteries 

combining 800 kW of floating solar panels and 1200 batteries 6FM200D. This 

combination minimizes the total NPC as it can be seen marked in red in Table 23.  

Based on this selection, there were only 37 potential optimal solutions provided by 

HOMER that had 800 kW of floating PV panels and 1200 Batteries 6FM200D. And these 

have the variable Generator 6 ON so this variable, which has an important correlation 

with the NPC, is fixed and it is not necessary to be studied.  

These 37 solutions reduced to 7, since most of them represented the same case but 

using different generators with the same power. 

Table 24 summarises the 7 optimal solutions after unifying the 37 solutions provided by 

HOMER. 
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Table 24 Optimal solutions provided by HOMER for Kadmat with 800 kW of floating PV panels and 1200 batteries 
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After obtaining the seven possible optimal solutions, it was prioritized the solutions with 

a higher renewable fraction and a lower diesel consumption because one of the 

objectives of the project is to find a model with a lower dependence on diesel. Based on 

this filter, four of the seven options were discarded. Later, from the three remaining 

options it was prioritized the solution with a lower total NPC, since the economic 

feasibility was also a major economical target for the study. As a result, it was chosen a 

solution with a lower diesel consumption, higher renewable fraction and lower total NPC 

for Kadmat.  

This solution has also the lowest operating cost and COE. Despite  this model has a higher 

initial capital cost, the total benefits make this model the best option. 

After analysing the HOMER results with the software Minitab, the best hybrid model for 

Kadmat island is shown in Table 25. 

 

Table 25 Chosen hybrid model for Kadmat island 

Component 
Present in the 

model 
Size/number 

of units 

Floating PV panels 
(kW) 

 

800 

Wind Mills WES30 (u) 
 

1 

Generators 250 kW 
(u) 

 

5 

Generator 400 kW (u) 
 

1 

Generator 700 kW (u) 
 

1 

Batteries 6FM200D (u) 
 

1200 

Converter (kW) 
 

600 

 

 

In economic terms the implementation and use of this model is shown in Table 26. 
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Table 26 Economic information of the chosen hybrid model for Kadmat island 

Initial 
Capital ($) 

Operating 
cost ($/yr) 

Total NPC 
($) 

COE 
($/kWh) 

Renewable 
fraction 

Diesel (L) 

2,435,000 1,138,201 16,985,026 0.277 0.28 1,192,357 
 

The floating PV system covers 4,520 m2 of the total area of the lagoon which means that 

the impact in the local lagoons ecosystems is much lower than the maximum impact set 

as limit on this study. This surface is more than twice as high as the model for Minicoy 

but may still be acceptable. On the other hand, this solution will require foundations for 

only one WES 30 wind turbines. In general terms, this new energy model will have a low 

impact on the local ecosystems. 

 

4.3. Comparison between base and new models 
After defining the new energy models for Minicoy and Kadmat, these new models were 

compared with the present ones in economic and environmental terms. 

In terms of diesel consumption, and, consequently in terms of CO2 emissions, the new 

models present a significant reduction compared to the base model as it can be seen in 

Table 27. 

For the local environment, the PV systems and turbines will certainly carry their own 

ecological risks to the delicate lagoon ecosystem both in terms of installation, as well as 

in reducing the quality of the ecosystem directly beneath and around the installations. 

However, the hybrid solutions identified occupy a relatively small proportion of the 

lagoon, and can result in significant reductions in diesel costs. This makes them 

potentially viable solutions for these islands. 

 

Table 27 Comparison of diesel consumption 

 Minicoy Kadmat 

Base Model Diesel consumption (L) 3,423,011 1,669,363 

New Model Diesel consumption (L) 2,859,317 1,192,357 

% diesel saving 16% 29% 

 

This reduction will also reduce the vulnerability in terms of security of supply of both 

islands and will also reduce their dependence on international markets and politics, 

main actors for diesel cost fluctuation.  

The solutions represent an increase in the percentage of renewable energy use up to 

21% in Minicoy and 28% in Kadmat.  
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In economic terms these solutions also achieve a significant reduction in the total NPC, 

operating cost and cost of energy with a relatively low initial investment as it can be 

seen in Table 28, Table 29 and Table 30. 

 

Table 28 Comparison of Total NPC 

 Minicoy Kadmat 

Base Model Total NPC ($) 39,366,232 19,196,964 

New Model Total NPC ($) 36,341,084 16,985,026 

% total NPC saving 8% 12% 
 

 

Table 29 Comparison of Operating Cost 

 Minicoy Kadmat 

Base Model Operating Cost ($/yr) 3,079,490 1,501,715 

New Model Operating Cost ($/yr) 2,651,580 1,138,201 

% reduction of Operating Cost 14% 24% 
 

 

Table 30 Comparison initial cost 

 Minicoy Kadmat 

Base Model Initial cost ($) 0 0 

New Model Initial cost ($) 2,445,000 2,435,000 

 

The new models proposed here represent an improvement to the present energy 

models in economic and global environmental terms. Whether they are locally 

ecologically acceptable or socially acceptable needs further study. 
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5. Conclusions 

5.1. Study Results 
The aim of this thesis was to assess a new optimal energy model for Lakshadweep islands 

that was less dependent on diesel. The model had to be a hybrid model which included 

renewable energy systems to partially replace diesel, being economically profitable and 

respectful of the local ecosystems.   

The simulation program HOMER was used to design different available systems for the 

hybridation and to analyse their technical and economic performances.  

In this study the analysis was conducted on two islands of the archipelago as 

representative samples. Minicoy, which is big and highly populated, and Kadmat, a 

midsize and middle populated island.  

Several systems consisting of floating PV panels, wind turbines and diesel generators, 

which are actually installed, were studied and compared. 

After analysing the obtained results, two optimal hybrid models were identified for the 

islands. For Minicoy island, a hybrid system with 300 kW of floating PV panels, seven 

wind turbines and 15 string of 40 batteries each, connected in parallel with a voltage for 

each string of 480V, to supplement existing diesel generators was determined as the 

optimal system. For Kadmat, a hybrid system with 800 kW of floating PV panels, one 

wind turbines and 30 string of 40 batteries each to supplement existing diesel 

generators was determined as the best combination.  

These two models represent an overall reduction in diesel consumption and  CO2 

emissions. In economic terms, a reduction in the total net product cost (NPC) and 

operating cost could be achieved for both islands with a relatively low initial investment. 

These results are summarized in Table 31. Critically, these results take into account the 

sensitivity of the lagoon habitats that are critical to protect within reef lagoons. 

  

Table 31 Summary of the benefits of the two new energy models 

 Minicoy Kadmat 

% diesel saving 16% 29% 

% Renewable energy 21% 28% 

% total NPC saving 8% 12% 

% Operating cost saving  14% 24% 

Respect for critical areas to 
protect (lagoon + coral reef)   

Initial investment 2.45 M$ 2.44 M$ 

 

 



34 
 

5.2. Contribution and practical implication 

This thesis is a preliminary case study that had not been researched yet. This study has 

been similar to other projects for other remote islands, but it includes an additional 

factor that previous analyses have not taken into consideration, which is the potential 

impact that renewable energy systems produce on the local ecosystems. This requires a 

much closer interaction between engineering studies and ecological knowledge. This 

should represent standard practice in the design and implementation of new energy 

projects than they are. This is particularly true for projects located in endangered natural 

areas with ecological interest. This thesis can be a model for new energy projects 

showing that energy and economic progress need not necessarily be opposed to the 

goals of nature conservation. 

The results show that the existing energy model in the Lakshadweep islands is not 

profitable and shows how changing to a hybrid energy model with more reliance on RES 

could reduce these costs. However, this study has also shows that the best model may 

not be the one that maximizes the percentage of RES due to the high cost of the 

installation and the still relatively low price of diesel. The combination that best 

minimizes total costs are hybrid models with 21% of RES fraction for Minicoy and 28% 

for Kadmat. So, this study can be a model for the regional institutions showing that, 

although the energy model of the islands must be changed, a drastic change to 

renewable energies would not be beneficial. The most profitable would be a gradual 

change towards RES, beginning with the 21% and 28% of RES obtained in this study and 

expanding it in the future according to the expected rise in the price of diesel and the 

expected drop of the RES cost. 

 

5.3. Limitation ad suggestions for future research 
As already mentioned above, this study is a preliminary study that can be taken as an 
approach rather than a prescription for these islands. They should be a starting point for 
new energy studies for the Lakshadweep islands. However, this study has several 
limitations that must be addressed in future projects. 

The first is that the HOMER software does not allow a temporally variable diesel price. 
As a result, it probably underestimates the future profitability of the chosen model given 
that diesel prices are slated to rise in the next few years and decades. Including this in 
future studies will be of primary importance to make a case for RES.  

Another limitation is that I have not been able to investigate the implementation of 
wave power generation systems. According to several studies [31], Lakshadweep coast 
receives high wave breaking forces. In addition, since most of the wave energy is outside 
the lagoon, investing in these sources may considerably reduce the impact on 
ecologically sensitive lagoon areas. Future studies should certainly investigate this as a 
feasible alternative for the islands.  

While rough habitat maps of vulnerable ecosystems have been used to identify the 
percent of the lagoon available for energy infrastructure, this needs much more detailed 



35 
 

ground truthing. This will affect not only the amount of lagoon available for 
development but also the spatial distribution of the RES systems within the lagoon. In 
addition, more detailed ecologically relevant impact assessments need to be conducted 
before employing these solutions to match them to existing conditions. Finally, it has 
only examined the existing power requirements of the islands, assuming that this will 
remain constant through time. However, with the projected growth of high-end tourism, 
this is likely to change considerably. These changes will dramatically alter the energy 
requirements of the islands and it may require completely revisiting these energy 
models to establish if they are still ecologically and economically viable.  

Despite the limitations of this project, this study is a preliminary piece of work that can 
be used as a baseline for future studies that explore the implementation of new hybrid 
energy models defined in this thesis.  

 

5.4. Perspectives 
As the world tries to come to terms with climate change, balancing global action with 

local impacts is always a challenge. This becomes particularly pressing in the face of 

rapid population growth and urbanisation, when the needs of energy are rising 

exponentially and ecosystems collapsing with equal rapidity. Tropical oceanic atolls like 

Lakshadweep get the worst of it. On the one hand, they are the most vulnerable to global 

climate change, while on the other, their justifiable developmental goals can result in 

major impacts to the ecosystems they depend on. 

Moving away from fossil fuels is clearly the answer at the global level. Whether it is 

always the right solution at local levels is more difficult to ascertain. Renewal energy 

systems are not without their problems and their critics. Floating solar panels will 

undoubtedly kill the fragile marine ecosystems below them as they shade out light. Wind 

turbines will also cause significant infrastructural damage, and cause mortality to 

oceanic birds. These solutions also transform the landscape, covering large areas of 

previously pristine lagoon with solar panels, or tall artificial structures in the case of 

turbines. These may be socially difficult to accept and may not be as inviting for high-

end tourists who visit isolated island systems. Importantly, reducing dependence on 

fossil fuels at the level of individual isolated islands will certainly not reduce the impacts 

of climate change for these islands, independently of other economic and energy 

sustainability benefits. El Niño events and coral mass mortalities cannot be reversed by 

investing in renewable energy systems. That will require a global change in consumption 

and emission patterns that is far outside the control of local managers in isolated islands. 

It is far from clear that renewable energy systems are always the right solution all the 

time. However, it is useful for every location across the world to reduce its carbon 

footprint while it meets its energy requirements. Clearly the costs of doing this should 

not be borne by the ecosystems that are already being affected by climate change, the 

cure should not be worse than the disease. These are not easy problems to resolve, but 

we will need many more studies of this sort that evaluate local circumstances and needs 
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against ecological concerns to resolve them rationally. As research move forward, we 

need engineers to interact more closely with ecologists as well as sociologists, 

economists and managers while developing policies for energy that are ecologically, 

economically and culturally acceptable at local and global levels. Only with this 

multidisciplinary approach can we expect to address the livelihood needs and the 

biodiversity needs of local communities and ecosystems. 
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Appendix A. Wind graphs 
Table A1 Wind rose and wind speed in Lakshadweep Islands [23] 
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Appendix B. HOMER optimized results 
 

Table B1 HOMER base model results from Minicoy 
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Table B2 HOMER base model results from Kadmat 
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Table B3 HOMER optimized results from Minicoy 
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Table B4 HOMER optimized results from Kadmat 
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Appendix C. Diesel-cost graphs  
Table C1 Study of the correlation between diesel consumption and economic results 
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Diesel vs Operating 
Cost 
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