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Most small islands, with populations of between 1000 and 100,000 inhabitants, have non-interconnected power 
generation systems consisting of thermal power plants. This affects their ecological balance and implies a 
financial dependency on the price of fossil fuels and high electricity generation costs. However, small islands can 
accelerate their energy transition to become lower-carbon economies thanks to their enormous renewable energy 
potential. This research presents the current state of the art of hybrid renewable mini-grids (HRMGs) on non-
interconnected small islands. To do so, a comparative analysis was applied among islands located in the 
Atlantic and Arctic, Pacific and Indian Oceans, and the Caribbean and Mediterranean Seas based on an extensive 
review of the literature. This study identifies business models applied to support the introduction of renewable 
energy and the key factors for the implementation of HRMGs on small islands. This review highlights how 
developed islands are successful in achieving their ambitious renewable energy targets. On the other hand, it is 
demonstrated that the least developed islands from the Pacific and Indian Oceans need to strengthen their weak 
regulatory frameworks and define suitable business models to promote renewable energy projects, involving 
private entities. Furthermore, these islands should find alternative funding sources apart from foreign aid. 
Developing islands should guide international cooperation in favor of effective policies and fostering local ca
pacities. In those regions, thanks to the low prices of renewable technologies, the most attractive mechanisms for 
the implementation of HRMGs are the Renewable Energy Service Company model, competitive auctions and tax 
incentives. 

1. Introduct ion 

Although energy was not men t ioned in the Mil lennium Development 

Goals (MDGs) [1 ,2 ] , t he 2 0 3 0 Agenda for Sustainable Development 

recognizes the crucial role of energy in deve lopment processes. It also 

under l ines h o w access to m o d e r n and susta inable energy is essential to 

eradicat ing pover ty , saving lives, improving hea l th condi t ions and 

satisfying basic h u m a n needs [ ] . This Agenda highl ights the need to 

t ransform the w a y energy is p roduced and consumed to e l iminate 

pover ty and foster sustainable development . Moreover , it also calls for a 

pa rad igm shift towards green economies , par t icular ly in developing 

countr ies and emerging marke t s [4 ] . 

To accelera te the t ransi t ion process to m o d e r n energy systems, Sus

ta inable Energy for All (SE4ALL) identifies a series of High Impact Op

por tuni t ies (HIOs) w h o s e goal is to achieve synergies be tween actors , 

sectors and industr ies in order to progress towards access to universal 
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energy.1 These HIOs link renewable mini-grids to sustainable power 
sources and consider them a tool to be included in government and in
ternational plans. HIOs allow the definition of different business models, 
promoting knowledge, making them visible and facilitating access to 
both public and private funding. The energy transition involves society, 
institutions, innovative financing mechanisms, the promotion of private 
investment, ownership structures and the global economy [5,6]. 

1.1. The market for renewable mini-grids 

Mini-grids based on renewable energy (RE) sources are a viable 
alternative for rural areas, islands, and developed and developing island 
states to increase their access to energy. Consequently, it is possible to 
decrease the use of diesel, to cut down the costs and improve the quality 
of the electricity service, and to combat the consequences of climate 
change [7-10]. Renewable mini-grids encompass the economic and 
social benefits in rural areas and for local business, such as the increase 
in the agricultural production, the creation of new jobs, increased in
comes and achievements in health and education [9,11]. Furthermore, 
these systems offer opportunities for diversification and competitiveness 
to electric generation companies [10]. 

During the past decade, across the world, the number of mini-grids 
has grown steadily. For instance, in 2017, photovoltaic (PV) solar en
ergy and small hydro mini-grids have reached 308 and 509 MW of ca
pacity, respectively [12,13]. In 2016, 9 million people were connected 
to mini-grids with RE [13]. The potential for the mini-grid sector is huge. 
There are currently still 1.06 billion people with no access to electricity 
(14% of the global population) [14]. The scenarios predicted by the 
International Energy Agency (IEA) show that between 2017 and 2030: 
485 million people will gain access to electricity through decentralized 
power systems (mini-grids will connect 60% of this population), while 
the energy needs of 185 million people will be covered by the power 
grid. The implementation of mini-grids requires an investment of $188 
billion US [14]. 

Even though single technology mini-grids could achieve the big ob
jectives in access to energy, Wiemann et al. [15] concluded that the most 
cost-effective option to provide electricity is the hybrid renewable 
mini-grid (HRMG). In fact, a study based on seven countries proved that 
hybridization could reduce the average cost of generation by 0.3%-8% 
under market conditions. Even if the public sector funds the projects, 
this reduction could be from 12% to 16% [16]. The diesel capacity 
worldwide that could be hybridized with renewables varies from 50 to 
250 GW [7], of which 15 GW is on small islands (definition based on the 
number of inhabitants from 1000 to 100,000) [17]. It is estimated that 
70% of households in the Pacific islands have no access to electricity 
[18], and the wind and solar potential to hybridize diesel generation is 
4.97 MW and 2.95 MW respectively [17]. A number of variables have to 
be analyzed to develop HRMGs, such as the socio-economic situation, 
the geography, the environment and the regulatory framework of the 
respective islands. These aspects, added to the natural island context, 
influence the success or failure of business models [19]. 

1.2. Hybrid renewable mini-grids: an opportunity on islands 

"Healthy, well-managed and diverse ecosystems and resources can play a 
strong role in mitigating future environmental challenges and improving 
livelihoods everywhere" [20]. The vulnerability of islands to global 
climate change makes it imperative to take immediate action to reduce 
greenhouse gas (GHG) emissions related to the use of fossil fuels [21]. 
Most islands worldwide have off-grid generation systems made up of 
thermal power plants, thus affecting the cost of electricity and the reli
ability and safety of the power supply [8,22]. However, their energy 

transition can be accelerated thanks to their abundant RE resources [22, 
23]. The common objective of these territories is to achieve energy in
dependence using RE [24], the first step towards sustainable develop
ment [25]. 

There are 87,000 islands [26] that cover approximately 7% of the 
Earth's surface [27]. The island population worldwide stands at 740 
million people [26] and around 3% (20 million inhabitants) live on 1785 
small islands whose population is between 1000 and 100,000 [17]. At 
least half of this group of small islands is in the Pacific Ocean (half of the 
total island population). It is estimated that the high potential of solar 
and wind energy could hybridize the 15 GW of installed thermal ca
pacity (diesel) on small islands. That means 7.5 GWp of solar energy 
and 14 GW of wind energy combined with 5.82 GWh of battery capacity 
could reduce per year 7.8 billion liters of diesel consumption and 20 
million tons of GHG atmospheric emissions [17]. 

Small islands and Small Island Developing States (SIDS) could save 
up to $10 billion US/year in fuel costs; an average of 3.3% of their Gross 
Domestic Product (GDP). Although this number may seem low, the truth 
is that many poor islands mainly from the Pacific and the Indian Ocean 
spend up to 20%, and even 30% of their GDP on fuel [17,28]. In SIDS, 
90% of their electricity is produced using imported oil [29-31]. Thus, an 
increase of $10 US/barrel would result in a reduction of 1.5% of their 
GDP [29]. This vulnerability to the fluctuation in oil prices affects the 
cost of transport, communications and electricity which in turn gives 
rise to a side-effect on poverty rates and real income [22,30,32]. The 
Pacific SIDS are the most vulnerable to this external influence [33] due 
to disadvantages such as the limitation in achieving economies of scale, 
insularity, remoteness, the limited availability of land, dispersed popu
lation, high susceptibility to natural disasters, the dependency on 
foreign countries and environmental vulnerability [31,34,35]. 

HRMG is the best option for small islands to increase RE penetration 
in the electricity mix, especially where there is no interconnection with 
the mainland [36]. Even though the contribution of small islands and 
SIDS to the global reduction in GHG emissions is low [17], these islands 
can show the rest of the world how fossil fuel independence is not just a 
conceptual idea for the future. Some islands from developed countries 
generate 100% of their electricity by renewable resources [22], with 
diesel generators (DGs) working as a back-up, e.g., El Hierro, Graciosa 
and Kodiak [7,37]. To accelerate energy transition, the constraints of 
each island and economic incentives must also be considered in the 
planning phase [38,39]. In some cases, the constraints may be institu
tional, social and financial issues [35,40] or in others, environmental 
and technical [25,36]. Establishing robust energy policies is a priority to 
link the local and national goals with the 2030 Agenda and international 
commitments to set out an appropriate and reliable regulatory frame
work [41,42]. 

The following questions arise therefore in this research: 

- Which business models are used to implement HRMGs on non-
interconnected small islands? 

- What are the key technical, political, economic, financial and envi
ronmental factors to take into account in developing HRMGs on non-
interconnected small islands? 

- The adoption of which policies to facilitate the implementation of 
HRMGs arise in this review? 

The research presented here describes the state of the art of elec
tricity generation with RE based on mini-grids on non-interconnected 



small islands. This review includes a comparative analysis between 
islands located in the Pacific, Atlantic and Arctic (considering both re
gions as a single region), and Indian Oceans, the Caribbean and Medi
terranean Seas. This paper attempts to show why the configuration of 
renewable systems varies from one island to another, the difficulties and 
challenges of their implementation and how different business models 
can support the deployment of HRMGs. To this end, this research 
identifies: (i) the business models implemented to hybridize thermal 
power plants on non-interconnected small islands, using the definition 
of business models based on rural electrification experiences as a 
reference [15,19,43^15]; and, (ii) the main technical, social, political, 
financial and environmental factors related to RE penetration. The 
findings are helpful to promoters, decision-makers, researchers and 
other stakeholders involved in the development of RE projects. 

2. Methodology 

A previous study shows that there are 1785 small islands worldwide 
whose population is between 1000 and 100,000 [17]. Through a 
geographic information system (GIS), this study has established these 
islands are distributed as follows: 890 islands are in the Pacific Ocean, 
380 in the Atlantic and Arctic Oceans, 319 in the Indian Ocean, 103 in 
the Caribbean Sea and 93 in the Mediterranean Sea [17]. The total 
electricity consumption of these small islands is around 50, 
000GWh/year which involves a high demand for fossil fuels [17,46]. 
These areas are not usually interconnected with the mainland, even with 
nearby islands because of the high costs of submarine cable connections. 
This makes the provision of electricity less stable and reliable [22]. To 
overcome these disadvantages, small islands, which are considered as 
mini-grids for the purpose of this paper, can hybridize their current 
diesel power systems through the use of the enormous potential of REs, 
especially from solar and wind power [46]. 

The same study reveals, through a technical and economic assess
ment, that there are differences between the islands depending on the 
location. For example, Mediterranean islands, which belong to devel
oped countries, are characterized by the highest GDP/capita while the 
islands in the Indian Ocean have the lowest. The Pacific islands have the 
highest Levelized Cost of Electricity (LCOE): 45 USc/kWh, due to their 
remoteness and transport costs. In the Atlantic and the Pacific Oceans, 
there is the highest potential for wind (6.44 GW) and PV (2.95 GWp) 
projects respectively. On small islands, the estimated potential hybrid
ization is between 10% and 97% [17]. 

Based on this information, this study analyzes at least one island per 
region (the Pacific, Atlantic and Arctic and Indian Ocean, Caribbean and 
Mediterranean Seas) to define the main factors that support the devel
opment of HRMGs. To reach this goal and to provide reliable answers to 
the aforementioned research questions: first, a classification matrix has 
been designed to compile descriptive information on the islands. This 
information involves their geographical location, vulnerability factors, 
available renewable resources, economic activity, public policies aimed 
at promoting RE, business models and financial mechanisms used to 
hybridize thermal systems and the identification of implemented 
renewable technology and storage systems. Furthermore, the matrix 
includes a number of data considered of interest in this research: area 
(km2), population, GDP (million USD), GDP per capita (USD/year), total 
installed capacity (MW), percentage of RE used in the power generation 
mix (%), electricity consumption (MWh/year and kWh/capita/year) 
and peak demand (MW). These indicators strengthen the characteriza
tion in this work. 

Second, 10 case studies detailed in Table 1 have been selected from 
four basic criteria: (i) at least one island per region, (ii) the population is 
between 1000 and 100,000, (iii) the islands have non-interconnected 
power systems with the mainland, and (iv) the islands have 

hybridized their mini-grids with RE. The islands have been selected from 
the list of small islands provided by the Reiner Lemoine Institut (as 
stated in Ref. [17]), with the exception of Necker Island which is a 
unique example of a private island with only 60 inhabitants. 

This research has been developed by analyzing scientific literature to 
build a proper state of the art of electricity generation with RE-based 
hybrid mini-grids on non-interconnected small islands. Furthermore, it 
was necessary to gather information and data from complementary 
documents, such as government reports, web sites, official statistics and 
company surveys. Through a descriptive and comparative analysis, a 
number of examples are cited to better illustrate the situation of the 
islands in this study. 

3. Key definitions 

3.1. Mini-grids 

Mini-grids rely on one energy source and connect multiple clients 
[54]. There are two types which involve high electricity prices in com
parison with hybrid mini-grids: (i) 100% renewable energy power sys
tems that usually need batteries to store surplus electricity in order to 
guarantee the reliability of the electricity service. The installed capacity 
of these renewable systems tends to be higher than the capacity of diesel 
or hybrid systems to produce enough electricity to be stored. This in
creases the electricity prices compared with hybrid systems and reduces 
the lifetime of the batteries due to their constant and higher use; and, (ii) 
100% fuel power systems which are dispatchable but have environ
mental impacts. Investment in diesel gensets is lower than that of 
renewable power systems. However, the annual running costs are more 
expensive because of the high levels of operation and maintenance 
(O&M) of diesel gensets and the cost of fuel [15]. 

3.2. Hybrid renewable mini-grids 

HRMGs are characterized by the use of different sources of energy 
generation (any combination of PV, wind and hydro energy, diesel and 
storage systems) and because these systems have one or more clients 
[54]. The use of HRMGs is currently widespread to foster the exploita
tion of renewable resources. These systems ensure the reliability, quality 
and security of the electricity service [55], and provide socioeconomic 
and environmental benefits [55,56]. These systems are highly recom
mended for off-grid locations such as small islands [55,57]. DGs usually 
integrate these systems as a back-up [8] or to overcome the need for 
batteries [54]. Regarding efficiency and economics, storage systems are 
a challenge for islands [57]. 

Both mini-grids and HRMGs require control systems for frequency 
and voltage stability to enable an economical and optimum operation 
[36,58-60]. Both systems could operate as grid-connected or 
island-mode [58]. In the context of islands, both mini-grids and HRMGs 
could connect to the mainland. This paper considers an HRMG as a 
centralized system capable of supplying the most power demand of a 
non-interconnected small island. 

3.3. Business models for the implementation of hybrid renewable mini-
grids 

Political and regulatory conditions play a fundamental role in off-
grid business development and their adaptability to local circum
stances [15,61]. This is especially relevant in HRMGs and the difficulty 
in setting them up. These frameworks could become either opportunities 
or barriers in ensuring their operation [15]. Robust governance is a 
pre-requisite to meeting the needs of consumers, owners and suppliers, 
and in reducing the risk to stakeholders [61]. The pillars for ensuring the 



Table 1 
Selected small islands. 

Country 

Spain 

Portugal 

SIDS Associate Member 

SIDS 

Ecuador 

United States 

United Kingdom, SIDS Associate 

Member 

Greece 

Australia 

SIDS 

Name 

El Hierro 

Graciosa 

Tokelau 

Tuvalu 

Galapagos 

Kodiak 

Necker 

Ikaria 

King Island 

Seychelles 

Island or archipelago 

Canary Islands 

Azores Archipelago 

3 atolls (i) 

4 coral reefs and 5 atolls (ii) 

19 major islands and 200 islets 

(iii) 
Kodiak Archipelago (¡v) 

British Virgin Islands 

Island 

Island 

115 islands (v) 

Location (ocean or sea) 

Atlantic 

Atlantic 

Pacific 

Pacific 

Pacific 

Pacific 

Caribbean 

Mediterranean 

Indian (Bass Strait -

Tasmania) 

Indian 

Area 

(km 2) 

274.6 

60.8 

12 

26 

8.01 

9433.1 

0.18 

258.4 

1109.8 

455 

Elevation 

(msnm) 

1501 

408 

864 

1353 

1037 

213 

905 

Population 

14,849 

4966 

1411 

10,782 

(2014) 

29,658 

(2015) 

13,950 

60 

6869 

1938 

93,400 

(2015) 

Source 

[47] 

[47] 

[48] a 

[23, 

49] 

[50] 

[47] 

[51] 

[47] 

[47] 

[52, 

53] 

(i) Fakaofo, Atafu, Nukunonu. 
(ii) Vaitupu is the largest island with 5.6 km2 and Niulakita, the smallest with 0.42 km2. Funafuti is the island on which most government offices are located and the 
center for sea and air transport. 
(iii) 5 inhabited islands: San Cristobal, Santa Cruz, Baltra, Isabela and Floreana. 
(iv) Kodiak is the largest island in the archipelago. 
(v) 95% of the population lives in Mahé (main island), Praslin and La Digue. 

a Both Tokelau and Necker are SIDS Associate Members. Available at: http://www.unesco.org/new/en/natural-sciences/priority-areas/sids/resources/sids-list/. 

long term sustainability of funding, installation, and O&M of HRMGs are 
business models. Ownership is a decisive factor in classifying business 
models [15,43,62]. Nevertheless, these models must be adapted to the 
necessities and circumstances of every location [15]. In this research, 
the owner will be defined as the entity responsible for setting up and 
financing the project. These entities could be international organizations 
and donors [63] but it has to be clear that the ownership does not 
determine responsibility for the O&M [15]. Donor aid has traditionally 
led seed-financing in developing countries [43]. According to the liter
ature that describes experiences for implementing mini-grids in rural 
areas, the most common organizational models are: 

3.3.1. Public model 
It is the most common model in developing countries. The main 

advantage of this model is the access to financing, subsidies and to the 
technical staff in the public sector [43]. The main disadvantages of this 
model are the lack of interest in O&M and projects linked to political 
agendas that change according to the interests of the government in 
office [15,43]. 

3.3.2. Private sector model 
The private sector financing carries out the project. It is in charge of 

the O&M of the systems and, unlike public companies, it can react better 
to political ramifications [43]. Private companies require public in
centives, such as grants or loan guarantees [15,19,43,44] but this does 
not mean that the public sector funds projects. 

3.3.3. Community-based organization model 
It is a very common model in which the contribution of both the 

private and the public sector is limited [15]. The community sets up 
cooperatives and owns the system. It is responsible for its administra
tion, O&M and the collection of payments [15,19,43,44]. This model 
fosters employment in O&M-related activities. It also guarantees the 
quality of the service, because the users are the owners [15]. However, 
the community-based organization model usually suffers from social 
conflicts and the lack of technical skills [15,61]. This model also needs 
the assistance of the public and private sectors [15]. 

3.3.4. Hybrid model 
This model is a combination of the aforementioned models to mini

mize their deficiencies and complexities so that every participant 

assumes a specific role in the investment, implementation or manage
ment of the systems [15,19,43,44]. The contractual agreements of this 
model may be: 

- Public-private partnerships: It establishes a relationship between the 
public and the private sector to develop projects or provide services 
through shared commitments [64], for instance, the public sector can 
finance, own and manage the hybrid mini-grid while the private 
sector can be responsible for the O&M [44]. 

- Concessions: The private sector is responsible for an exclusive 
geographic area to provide electricity for a certain period of time. 
This model often becomes a monopoly and is usually supported by 
subsidies [44,65]. 

- Power Purchase Agreement (PPA): It is a contractual agreement to 
deliver electricity where generation and distribution assets are 
owned and controlled by different parties [44]. PPA is expected to 
include O&M activities as revenues depend on the performance of 
the system [59]. 

- Renewable Energy Service Company (RESCO): It provides services 
through activities such as the implementation of RE projects, espe
cially in emerging markets [66,67]. The RESCO takes on a degree of 
risk. This model uses the revenue stream that comes from cost sav
ings or RE produced to make the project profitable [68]. There are 
two ways of establishing a contract: (i) Shared savings: the RESCO 
finances the project and the client pays a part of savings obtained to 
the RESCO; (ii) Guaranteed savings: the client is the investor and the 
RESCO guarantees the annual energy savings to cover the debt 
incurred by the client [66-68]. 

To identify business models implemented on islands, it is necessary 
to adjust the previous definition and classify the business models ac
cording to the aforementioned definition of ownership. To guarantee a 
sustainable operation of HRMGs it is common to transfer the ownership 
rights, responsibilities and risks to local entities. However, when donors 
or international agencies are the investors [43], it is important to 
differentiate foreign aid participation from other sources of funding 
depending on the location of the islands. This becomes more relevant if 
the new vision of RE deployment wants the public sector to fund the 
pre-investment phase of projects where private equity is a complement 
[31,45]. 

http://www.unesco.org/new/en/natural-sciences/priority-areas/sids/resources/sids-list/


4. Characterization of case studies: drivers and inhibitors of 
renewable energy 

Fernandes and Pinho [69] observed that the most common con
straints of small islands are the scarcity of natural resources, environ
mental fragility and small domestic markets. However, these islands 
differ in size, the degree of remoteness, available RE resources, eco
nomic specialization and the level of economic wellbeing. This section 
analyzes the factors that drive or inhibit the implementation of HRMGs. 

4.1. Size, remoteness and insularity 

Small islands have a series of disadvantages due to their sizes such as 
their dependence on the external market and their limited natural re
sources. These disadvantages imply a large dependency on foreign ex
change earnings and the elevated import content of their GDP [34,70]. 
Their small markets and their limited ability to achieve economies of 
scale and to replace imported products affect internal prices and limit 
endogenous development [34,69]. The infrastructures of some of these 
islands are barely developed and their financial, human and natural 
resources are limited [70]. Because of their remoteness and their insu
larity, transport costs are high and the provision of supplies is not 
guaranteed [34]. This also affects the price of electricity mainly on the 
Pacific islands. There, for the next 20 years, the estimated average cost 
of thermal generation is the highest at the regional level at 45.1 
USc/kWh7 [17]. In this sense, the most vulnerable islands in the study 
are Tuvalu and Tokelau, which are some of the most remote countries in 
the world [70,71]. In 2002, in Tokelau, the electricity generation costs 
were about $1.02 US/kWh in Fakaofo, $1.30 US/kWh in Nukunonu and 
$1.82 US/kWh in Atafu. The electricity tariff was subsidized, then the 
prices in the respective atolls were 50, 35 and 30 USc/kWh respectively 
[72]. Fuel comes from Samoa (another Pacific Island Country) and is 
stored in Fakaofo. Cargo ships distribute it from there to every atoll [48, 
72]. Similarly, in the Galapagos Islands, there are subsidies for thermal 
generation, and its price reaches 12.32 USc/kWh [73]. The costs of 
shipping the diesel to Baltra are 49 USc/liter and the final customer 
pays 51 USc/liter. This final price takes into account the weighted fuel 
cost and the expenses derived from transport, storage, commerciali
zation and applicable taxes [74,75]. For the residential sector in the 
Galapagos Islands and the mainland, the electricity tariff is the same on 
average: 9.8 USc/kWh for an electricity consumption of between 0 and 
500 kWh [76]. Both Tokelau and the Galapagos Islands have protec
tionist governments who subsidize both fuel imports and the final con
sumer tariff. The remoteness, the small size and the geographical 
fragmentation of the Pacific islands restrict their economic development 
[40]. Integrating RE systems as a driver in the energy transition of every 
small island is necessary for them to become low-carbon energy systems 
[77] and more resilient to their natural conditions. 

4.2. Environmental factors 

Human presence and population growth are a constant danger to the 
ecosystems of small islands [34,70]. This demands an increasing amount 
of local and imported resources and service provision. Furthermore, 
these islands are susceptible to natural disasters that impact their 
economies directly and disrupt the delivery of services [34,69]. 

6 Every island is defined as insular but not all of them are located in remote 
areas [34]. 

7 Thermal generation prices have been calculated on the basis of the 2014 
costs ($0.74 US/liter) plus an annual rise of 3% [17]. 

8 Baltra Island is the distribution center for diesel to the other islands (Santa 
Cruz, San Cristobal, Isabela and Floreana islands). 

9 Weighted cost results from the weighting the price of the imported product 
and that of the price of the domestic product [76]. 

4.2.1. Ecological vulnerability 
The exploitation of natural resources to deploy agricultural and 

livestock productivity, housing and the development of tourism can 
compromise islands' ecosystems. Therefore, finding a balance between 
economic, environmental and social requirements is important in 
maintaining the ecological sustainability of small islands [69]. Several 
islands have been awarded different designations due to the preserva
tion of their natural reserves (both land and marine) and their biodi
versity to foster sustainable economic growth. Some well-known 
examples are El Hierro and Graciosa [78,79] named as "Biosphere Re
serves", and the Galapagos Islands designated a "World Heritage Site". 
On the island of El Hierro, 58% of the land surface is protected [80]. In 
the Galapagos Islands, 3% of the surface of the islands is inhabited and 
the Galapagos National Park encompasses the other 97% [81,82] . In 
terms of energy, the scarcity of ground due to the presence of protected 
areas is another factor to be considered in energy planning in line with 
climate impacts [83]. For instance, solar power plants need an extensive 
area of land for their installation. However, protected areas make it 
more difficult to obtain environmental licenses from local utilities, make 
decisions about the location of power plants or their refurbishment [83]. 
The definition of a suitable location for new power systems should avoid 
affecting the biodiversity of these contexts. 

4.2.2. Climate and susceptibility to natural disasters 
Small tropical islands are often hit by cyclones and other extreme 

weather events, whose effects are huge in human, environmental and 
financial terms [70]. Islands are usually located in areas susceptible to 
natural disasters with geological and hydrological origins [34,70]. For 
instance, Kodiak, the largest island in the Kodiak Archipelago, is located 
in the Pacific Ring of Fire [84]. Two tsunamis hit the island and 
destroyed the settlement of Old Harbor in 1788 and 1964. In 1964, the 
tsunami, which was brought about by a megathrust earthquake [85], 
wiped out the public and private facilities that required a replacement at 
a cost of $22 million US [86]. In 1912, the volcanic eruption of Mount 
Novarupta covered the island in ashes and devastated the local fishing 
industry [84]. In the case of SIDS, the damage caused by natural di
sasters per surface unit and the costs per capita are bigger than on the 
mainland [34], for instance, in the Seychelles, the total cost of damage 
from earthquakes and storms was $39 million US from 2004 to 2013.13 

From an energy security perspective, energy systems have to provide an 
ongoing electricity service, avoiding aggravating a hazard during a 
natural disaster. This means that the introduction of RE technologies and 
a reliable infrastructure help to configure a resilient and sustainable 
energy system [87]. As an example, after the nuclear catastrophe in 
Japan in 2011, private and public sectors are implementing mini-grids 
and HRMGs to overcome the downturn in nuclear power [88] sup
ported by Japan's subsequent energy plan [89]. 

4.3. Renewable energy potential 

REs have been playing a crucial role in sustainable development 
especially in areas with problems of electricity shortage [90,91] such as 
on islands. Expanding access to energy and replacing fossil fuels to 

10 http://areasprotegidas.ambiente.gob.ee/es/todas-areas-protegidas-por-re 
gion?t=G. 
11 "The Mw 9.2 1964 Alaska earthquake ruptured a > 200,000 km2 area from 

east of Valdez to Kodiak Island" [86]. 
12 Mount Novarupta is 100 miles off Kodiak [85]. 
13 Data about natural disasters on islands is available at: https://www.emdat. 

be/. 

http://areasprotegidas.ambiente.gob.ee/es/todas-areas-protegidas-por-re
https://www.emdat


decarbonize the power sector and mitigate climate change are the ob
jectives of the introduction of RE [92,93]. The techno-economic RE 
capacity on small islands is 14 GW of wind power and 7.5 GWp of solar 
power. However, the high cost of transactions and the ignorance of its 
potential have slowed down the penetration of RE [17]. 

In the Atlantic and Arctic islands, the wind power potential is 
6.44 GW and that of solar power is 1.94 GWp [17]. The island of El 
Hierro is one of the best locations with high wind speeds that can reach 
from 8 to lOm/s [94]. In addition, in the Canary Islands, in the upper 
reaches of the mountainous islands, the daily irradiation is 7 kWh/m , 
and in the north, the irradiation is less than 6kWh/m2 [83]. The solar 
potential is considerable for installing PV technology. 

In the Pacific, the wind and solar potential is 4.97 GW and 2.95 GWp 
respectively, and the storage capacity is 2.27 GWh [17], e.g., in Tuvalu, 
the average radiation is 5.5kWh/m /day; the maximum wind speed is 
5.79 m/s at a height of 30 m on Funafuti, which would allow the 
installation of small turbines of between 20 and 50 kW. Their potential 
to produce biomass and biofuel is also great, because of the number of 
coconut trees that grow on the islands (1600 ha) [49]. In Tokelau, using 
its solar resource, coconut biofuel and a good storage system, enough 
electricity to cover 150% of the electricity demand can be produced 
[95]. Nevertheless, in Tuvalu and Tokelau, biomass production is 
conditioned by high labor and transportation costs [48,49]. The Gal
apagos Islands are one of the most suitable areas to install solar thermal 
and PV technologies in Ecuador [96]. There is no information on 
biomass resources but biofuel generation is the most costly RE alterna
tive because jatropha is cultivated on the mainland (i.e. jatropha pro
duction cost: 66.94 USc/kWh, biofuel generation cost: 24.50 USc/kWh) 
[73] ,16 

In the other regions such as the Mediterranean islands, a capacity of 
894 MW and 972 MWp of wind and solar power respectively can be 
installed [17]. As an example, in the Aegean region, where Ikaria is 
located, the mean wind speeds range from between 7 and 9 m/s [97]. 
The solar potential is more than 5 kWh/m /day especially during the 
summer, supporting the excessive electricity requirements of the 
tourism sector during this period of the year. Furthermore, on some 
islands, there are geothermal and biomass resources [98]. The Carib
bean islands can introduce 1.25 GW of wind capacity and 905 MWp of 
solar capacity [17]. In the small Caribbean islands in the east, wind 
speeds are between 8 and 9 m/s in the dry season (May to November) 
and between 6 and 7 m/s in the wet season (December to April) [99]. 
Finally, RE potential in the Indian Ocean Islands is: 319 MW of wind 
power and 704 MWp of solar power [17]. In the Seychelles, a technical 
study established the usable RE potential until 2030: 16 MW of wind 
power, up to 40 MWp of solar power, 5 MW of biomass power, 2 MW of 
hydropower and 7 MW of waste-to-energy [100]. 

As regards sources of fresh water, this is lacking on most islands in 
the world, but there is a lot of seawater that can be used as pumped 
energy and water supply [101]. This means that only those islands with 
a high and medium elevation can install hydro and pumped storage 
power plants [102]. These include El Hierro and the Seychelles (sea 
water), and Kodiak and Ikaria (freshwater) and the Galapagos Islands 
(sea and freshwater). On the other hand, the flat and very small islands 
of Tuvalu and Tokelau have no hydro potential [103]. These islands, 

The Reiner Lemoine Institut developed an optimization tool to obtain the 
techno-economic renewable energy potential of 1785 small islands. This tool 
needs parameters as input: economic data, feed-in time series of renewable 
energies and load data to optimize the power generation of the islands through 
the substitution of fossil power generation by RE [17]. 
15 In Tuvalu, there is no crane to install larger turbines. However, turbines of 

250 kW with tilt-up towers could be another cost effective solution because 
these turbines do not require cranes to be installed [49]. 
16 https://www.iica.int/es/prensa/noticias/premio-are-award-2017-para 

-el-proyecto-piñón-de-manabí-para-galápagos. 

which are not suitable for installing ground intensive energy systems, 
have the opportunity to install roof systems [102]. Biomass is the least 
cost-effective RE solution because production and transportation costs 
are high, especially on scattered islands and archipelagos such as the 
Pacific islands. 

The availability of renewable resources is decisive for the integration 
of new technologies. Although this integration process has been quite 
slow [70], the efforts made to introduce RE (explained in section 7) in 
the generation mix deserves recognition, especially when the size, ge
ography and protected natural areas of small islands limit the integra
tion of RE. 

4.4. Economy 

There is a strong compelling between GDP and energy consumption 
[102,104,105]. An increase of 1% in capital increases the elasticity of 
GDP by 0.85% related to energy consumption [105]. Thus, economic 
activities are a fundamental factor in calculating the renewable systems 
on islands properly [102]. Table 2 details the economic data of the 
islands analyzed. 

According to Blechinger et al. [17], the Mediterranean islands have 
the highest GDP per capita, $31,400 US/year, followed by the Arctic and 
Atlantic, Caribbean, Pacific and Indian islands. Neves et al. [57] iden
tified that higher electricity demand per capita characterizes islands 
which belong to developed countries and have tourist activity. However, 
there are some islands that do not completely follow these patterns. For 
instance, in contrast to the rest of the Pacific islands ($15,900 US of 
GDP/cap), Kodiak is one of the islands with a high GDP ($31,900 US) 
and electricity consumption per capita (6976 kWh). This island is home 
to the largest Coast Guard Base in the United States and the third most 
productive fishing port in the country [84,106]. The seafood industry 
impact on Alaska's economy was $262 million US for the period be
tween 2015 and 2016 [107]. In the Seychelles, one of the countries with 
the highest income in Africa, the services sector represents 8 1 % of GDP 
(including tourism) [53] which consumes 55% of the electricity supplied 
(324 GWh/year) [92]. This archipelago has an electricity demand 
(3472 kWh per capita/year) very similar to the Island of El Hierro 
(3233 kWh per capita/year) which has a power desalination power 
plant. The Galapagos Islands have one of the fastest growing economies 
in the world (10% in the period 2005-2009), thanks to the tourist sector 
[81]. The current growth rate of this sector is unsustainable as it de
mands an increase in public services and other resources [50,81]. In 
2014 alone, the number of tourists was 215,691, almost seven times the 
population of the island that year [50] . This reveals the same fact that 
other authors concluded in Refs. [108,109]: small islands with attractive 
tourism have a high rate of economic growth together with a high level 
of electricity consumption. 

Lastly, the most vulnerable economy is Tuvalu. This archipelago, 
which ranks third in the poverty index among the developing countries 
of the Pacific members of the Asian Development Bank (ADB), has a trust 
fund that contributes more than 10% of the government budget [49]. 
One feature shared by SIDS is their high external financial dependency, 
mostly on migrant remittances and Official Development Assistance -
ODA [31,34]. In terms of financing, market and governance, Tuvalu has 
made less progress than other Pacific SIDS [103]. From 1997 to 2017, 
Tuvalu received $373 million US from donors, and the ODA per capita 
was $2368 US in 2017, twice as much as in 1997.18 The big differences 
between developing islands and those of the Atlantic and Mediterranean 
are brought about by the degree of dependency on external aid and by 
the limited local economic resources that can be allocated to support 

17 http://www.ecuadorencifras.gob.ee/proyecciones-poblacionales/. 
The information about international aid received by Tuvalu is available at 

https://data.worldbank.org/indicator/DT.ODA.ODAT.CD. and https://data. 
worldbank.org/indicator/DT.ODA.ODAT.PC.ZS. 

https://www.iica.int/es/prensa/noticias/premio-are-award-2017-para
http://www.ecuadorencifras.gob.ee/proyecciones-poblacionales/
https://data.worldbank.org/indicator/DT.ODA.ODAT.CD
https://data
http://worldbank.org/indicator/DT.ODA.ODAT.PC.ZS


Table 2 
GDP and economic activity. 

Country 

Spain 

Portugal 

SIDS Associate Member 

SIDS 

Ecuador 

United States 

United Kingdom, SIDS 

Associate Member 

Greece 

Australia 

SIDS 

Location (ocean or 

sea) 

Atlantic 

Atlantic 

Pacific 

Pacific 

Pacific 

Pacific 

Caribbean 

Mediterranean 

Indian Ocean 

Indian Ocean 

Name 

El Hierro 

Graciosa 

Tokelau 

Tuvalu 

Galapagos 

Kodiak 

Necker 

Ikaria 

King Island 

Seychelles 

Santa Cruz 

San 

Cristobal 

Isabela 

Mahé 

Praslin 

La Digue 

Island GDP 

(million USD) 

371 

96 

10 

40 

122 

66 

32 

445 

N/A a 

239 

10 

484 

71 

14 

GDP per 

capita (USD) 

24,985 

19,331 

7087 

3710 

7993 

8702 

13,843 

31,900 

N/A 

34,794 

5160 

6223 

9346 

5451 

Economic Activity 

Tourism 

Agriculture, silviculture, fishing and a 

developing tourism sector 

Public administration and commerce 

Public administration and commerce 

Fishing, tourism and science 

Fishing and services 

Tourism and financial services 

Tourism, agriculture, farming and services 

(transport, health, education) 

Agriculture, silviculture, fishing and a 

developing tourism sector 

Services (tourism included) industry and 

agriculture 

Source 

[47,110] 

[47,79] 

[23,48,95] 
b 

[23,49, 

111] 
[47,50] 

[47,84] 

[112] 

[47,113] 

[23,47, 

114,115] 

[47] c 

a N/A Information is not available. 
b http://www.tokelau.org.nz/Bulletin/April+2017/GDP+first.html. 
c http://thecommonwealth.org/our-member-countries/seychelles. 

their development. 

5. Policies to promote renewable energy 

The dependency on fossil fuel, the volatility of fuel prices and the 
adverse effects of climate change are interests common to the islands 
studied. Table 3 shows the ambitious goals that these islands have 
adopted to switch from conventional energy models to sustainable ones. 
Island territories need to guarantee the energy supply to their popula
tion in a safe, affordable and reliable manner. These islands have the 
possibility to do it thanks to their high RE potential and the use of new 
technologies. Some authors agree [40,103] that RE deployment has to 
be supported by energy efficiency (EE) measures. EE should consider 
synergies between a wide range of sectors such as power, heating, 
transport and cooling [116,117]. The current strategies of energy 
planning involve the link between RE and EE [38,110,116,118]. 

Nevertheless, only those islands belonging to developed countries 
are achieving their goals. As in other contexts [125], the least developed 
islands did not consider their socio-economic conditions and 
geographical features in drawing up reliable and realistic policies. Fig. 1 
shows the relationship between RE share and electricity demand per 
capita, which demonstrates a great heterogeneity between case studies. 
Since 2008, the goals of European islands have been: (i) to increase the 
penetration of RE, (ii) reduce GHG emissions and, (iii) improve EE 
through bottom-up strategies as summarized in the "Package on Climate 
Change 20-20-20" [38]. There are two more initiatives to strengthen the 
package: "Clean Energy for EU Islands" and "Smart Islands Initiative" 
[116]. In this region, the islands of El Hierro and Graciosa, which have 
already achieved a 100% of RE penetration, are the most efficient of the 
group of developed islands in terms of electricity consumption. On the 
other hand, since 2011, in SIDS, the International Renewable Energy 
Agency (IRENA) has been supporting the RE transition through the 
"SIDS Lighthouses Initiative" [117]. SIDS have not been able to achieve 
their own targets due to lack of funding as well as the tendency of is
landers to increase their electricity consumption [40,49]. Only Tokelau 
has achieved 70% of RE share due to its very low electricity consump
tion. However, the New Zealand government could not fund a biofuel 
power plant to complement the PV system [40]. Tuvalu has a really high 
electricity consumption compared with the case studies and its level of 
development is the lowest of the group ($3710 US/cap). This makes it 

hard to achieve a high RE share. Weir [40] concluded the main RE 
barriers of the Pacific Islands are social, institutional and financial. 
There, EE policies should be more intensive to create a collective 
awareness of the efficient use of energy, and RE policies should change 
radically to take local conditions into account. 

Furthermore, energy policies also aim to preserve the natural land 
and sea areas by preventing oil spills in these islands. For instance, 
Kodiak (1989) and Galapagos (2001) were affected by oil spills, where 
41.6 million and 681.3 thousand liters of fossil fuel were spilled 
respectively. The oil spread around the islands and polluted their marine 
reserves and their beaches [84,126]. In addition, in Tuvalu, Galapagos 
and Seychelles, the access rate to electricity is 99%,19 99.83% and 98% 
(one of the highest rates in the Indian Ocean SIDS) respectively [92,127, 
128]. In SIDS, there seems to be constant competitiveness between ac
cess to electricity and RE targets. The government provides subsidies to 
clients connected to the grid but not for rural electrification [18]. Ac
cording to the 2030 Agenda, allowing access to electricity to a greater 
number of people is compulsory. Indeed, access to electricity is a right 
and an implicit attribute of other rights such as non-discrimination or 
sustainable development. Some nations have included access to elec
tricity as a right within their national policies [129,130]. In this case, 
where centralized HRMGs (defined in section 3.2.) is unable to cover the 
demand of the most dispersed people, innovative Solar Home Systems 
(SHS) would allow the islands to increase their levels of access to 
electricity. 

The Pacific and Seychelles need to reform their governance to 
overcome unrealistic targets, the limited capacities and private invest
ment, together with the inherent barriers of their nature [18,103]. In 
contrast, the rest of the islands studied have more rigid energy policies to 
achieve high shares of RE. There, stable institutions are developing 
robust energy programs with private support in most cases. 

6. The identification of business models 

The source of funding is the main pillar for classifying business 
models in this research. There is a wide range of partnerships between 
the different levels of public companies, between public and private 

https://islands.irena.org/RE-Progress/Country-Profiles. 

http://www.tokelau.org.nz/Bulletin/April+2017/GDP+first.html
http://thecommonwealth.org/our-member-countries/seychelles
https://islands.irena.org/RE-Progress/Country-Profiles


Table 3 
Islands' policies. 

Name 

El Hierro 

Graciosa 

Tokelau 

Tuvalu 

Galapagos 

Kodiak 

Necker 

Ik aria 

King 

Island 

Seychelles 

Policy/Initiative 

The White Book and the EU 

Action Plan 

Island Management Plan of 

El Hierro 

Tokelau National Energy 

Policy and Strategic Action 

Plan (NEPSAP) 2004 

Tokelau National Strategic 

Plan 2010 to 2015 

Tokelau Renewable Energy 

Project (TREP) 

Tuvalu National Energy 

Policy (TNEP) (2009) 

Master Plan for Renewable 

Electricity and Energy 

Efficiency in Tuvalu 

2012-2021 "Enetise 

Tutumau" 

Galapagos Islands Zero 

Fossil Fuel Initiative 

Alaska aims for 50% of 

renewable energy 

generation by 2025 

Initiative of Richard 

Branson (island owner) 

National policy to reach 

20% of renewable 

generation by 2020 and 

40% by 2040 

Australia seeks to reach 

20% of renewable 

generation by 2020. The 

state of Tasmania seeks to 

reach 100% renewable 

share by 2022 

King Island Renewable 

Energy Integration Project 

(KIREIP) 

The energy matrix will be 

diversified in the long term. 

Goal 

To ensure energy supply 

with renewable sources 

To reach 100% of 

renewable energy 

generation 

To reach 100% renewable 

energy use 

To exploit the natural 

resources of the islands to 

reduce fuel imports for 

power generation 

To improve energy 

efficiency and to integrate 

renewable energy into the 

energy mix. 

To reach 100% of 

renewable energy 

generation 

To generate 100% 

renewable electricity by 

2020. To increase energy 

efficiency on Funafuti by 

3 0 % 

To reach 100% of 

renewable energy 

generation (without a 

specific year to achieve it) 

Through the Pillar 

Mountain Project: to 

produce 9 5 % of its energy 

from renewable sources 

and to reduce the 

dependence on diesel and 

the electricity production 

costs 

To reach 100% of 

renewable energy 

generation 

Reduce the dependence on 

diesel, provide reliable and 

quality electricity supply 

and the Community 

Service Obligation subsidy 

in the longer term 

To reach 100% renewable 

energy: 5% by 2020 and 

the other 15% by 2030 

Source 

[78, 

119] 

[120] 

[48, 

121] 

[49] 

[122] 

[106] 

[123] 

[113] 

[51, 

124] 

[23, 

53] 

companies and between them and cooperation agencies, as well as the 
many possible ways of distributing tasks. Five models have been iden
tified in this research: public, public - private partnership, public -
private - community-based partnership, public with international 
cooperation, and public - private partnership with international coop
eration. In most cases, the configuration of business models depends on 
power market structure, and suitable business models support the 
achievement of high shares of RE. Similarly, a large variety of mecha
nisms to promote, funding and make RE projects profitable has been 
identified. Some of them are: national goals, subsidies, trust funds, feed-
in tariffs, auctions, bids, etc. Table 4 sums up the business models and 
incentives which are present on small islands. Then, a comparative 
analysis of the cases is made. 

First, a greater private investment differentiates those islands 

belonging to developed countries in the Atlantic, Mediterranean and 
Kodiak in the Pacific from the rest of the islands analyzed. It is explained 
by the liberalization of electricity markets in Europe in 1990, and in the 
United States in 1992. The goal of this deregulation has been to establish 
policies to create institutional arrangements to offer more benefits to 
society such as lower electricity costs, reliable and quality electricity 
service and building capacities. More competition in the electricity 
markets of developed countries influences the diversification of the 
electricity balance which means a greater penetration of RE [131]. Some 
examples of a high share of RE are: 

- Graciosa benefits from a public - private business model. What is 
interesting about this case is how the payments for the kWh generated 
are established by a PPA between the public institution, Electricidade 
dos Azores (EDA) and the private firm, Younicos. Part of the payment is 
made with the money saved from fuel purchases [132]. Younicos 
operates as a RESCO (shared savings), a strategy that has allowed it to 
recoup part of the investment. 

- On the Greek island, due to the fragility of isolated systems, certain 
activities, such as the generation of electricity are still regulated despite 
the liberalized market (since 1999 in Greece) [113,133]. There, the PPC 
Renewables S.A. (PPCR) and the Hellenic Electricity Distribution 
Network Operator (HEDNO Ltd.) were created to install and operate 
power systems, respectively. Both firms are 100% owned by the public 
company Public Power Corporation S.A. (PPC S.A.). Greece is 
currently progressing in the deregulation of its electricity market. This 
has allowed the PPCR to collaborate with private producers to develop 
RE projects, increase capacities and gain experience in the renewable 
energy sector.21 The participation of private parties has made Ikaria 
move at a rapid pace to achieve a high RE penetration. 

- Kodiak has a public - private - community-based model. It was 
conceived for the implementation of the Pillar Mountain Wind Project 
wind farm. The Kodiak Electrical Association (KEA), which is a local 
non-profit cooperative, has financed the project with a public trust fund 
and with clean RE bonds (CREBs) issued by Co-Bank. This bank has a 
financing system for rural public service projects [134]. In KEA, each 
customer is a co-owner of the company and has active participation in 
the decision making [135]. It is the only example in which a community 
is fully involved in RE projects. Indeed, Neves et al. [57] concluded that 
HRMGs are more successful when the community is involved in the 
discussion processes, decision making and implementation. 

On the other hand, breaking with the statement established in 
Ref. [131] there are two examples (islands of developed countries) with 
high RE penetration in spite of the market structure (monopoly): on King 
Island (Australia), the high share of RE in the electricity mix was due to a 
public funding (public business model), the quality of regulation, and 
the technical capacity of the local public and private companies to 
develop RE projects. Even though the state of Tasmania has a deregu
lated electricity market, on King Island, the introduction of REs was 
achieved before 2015 when the electricity market was centralized [131, 
136]. Likewise, Necker Island, in the Caribbean, is part of the 
Commonwealth and is owned by billionaire Richard Branson. Although 
in this territory the power sector is a monopoly, two private companies: 
NRG Energy (the largest competitive power generator of the United 

States) and Virgin Limited Edition,' (a company that invests in 

https://www.deddie.gr/en/deddie/i-etaireia/profil/. 
21 https://www.ppcr.gr/en/company/profile-background-strategy. 
22 https://www.virginlimitededition.com/en/about-us. 
23 The Carbon Warm Room (a non-profit organization founded by Richard 

Branson) supported this partnership. Available at: https://www.businesswire. 
com/news/h 
ome/20140204006598/en/NRG-Energy-Signs-Deal-Virgin-Limited-Edition#. 
VMR_pf7F_lY. 

https://www.deddie.gr/en/deddie/i-etaireia/profil/
https://www.ppcr.gr/en/company/profile-background-strategy
https://www.virginlimitededition.com/en/about-us
https://www.businesswire
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Fig. 1. Renewable energy penetration vs demand per capita. 

luxury hotels also owned by Mr. Branson) [123] 24 partnered to deploy 
large capacity of RE. Virgin Limited Edition is an example of innovative 
capacity and adaptability to market needs. This company, which is 
responsible for renewable power plants, established an agreement with 
the British Virgin Islands Electricity Corporation - BVIEC, the public 
company that finances, owns and operates diesel generation. In the 
British Virgin Islands, the electricity monopoly law passed in 1978 has 
not been updated to address self-generation and poses a direct barrier to 
distributed RE [137]. However, a recently launched regulation (2018) is 
fostering new financing mechanisms to expand RE [138]. Although 
there is no clear evidence of whether the public sector supported the RE 
systems. It could be assumed this is a public-private model as both re-
newables and fuel technologies are operating within a single system. The 
economic wealth of Virgin Limited Edition and its owner encourages 
greater private participation. 

The electricity markets of the Galapagos Islands25 and SIDS26 have 
tended to be conservative and reflect vertically integrated natural mo
nopolies [35,103,150-152]. In most cases, the market structure has 
influenced their business models which have been public with interna
tional aid. Due to their natural vulnerability and economic situation, 
international organizations deem that supporting their development 
with the help of sustainable and safe energy systems is a priority. Only 
the Pacific SIDS received $1.5 billion US (2011) from 1970 to 2014 for 
RE deployment [31]. This financial assistance has helped to acquire 
renewable technologies, build national policies, respond to oil prices, 
achieve high standards of living and compensate trade deficits [34,153]. 
Nevertheless, this dependency is worrying due to its unfavorable impact 
on debt accumulation and private investment [31,153], even more, 
when private investment is being promoted by global policies and the 
2030 Agenda. This research agrees with other scientific results [103, 
154] which suggest that private investment should grow rather than it 
being necessarily fostered by international aid. This group of islands, 
which has ambitious goals, should improve its policies and incentives to 

The Commonwealth laws require non-resident owners to build a resort on 
their islands. Otherwise the British government may claim them [51]. 
25 In the Galapagos Islands, a public - private partnership was designed to 

build a wind farm on the island of San Cristobal (2007), the first wind farm in 
Ecuador. In 2008, the government passed the Constitutional Mandate No. 15 to 
establish that investments in the generation, transmission and distribution of 
electricity can only be made by the General State Budget [151,152]. Having a 
centralized electricity sector, the private funding of renewable projects is 
limited here, whereas international aid has been strengthened. 
26 The electricity sector in Tuvalu is centralized. A public - private partnership 

with international cooperation was signed to build a PV system in Funafuti 
(2006), where the main problem was the lack of skilled workers to undertake 
the O&M. TEC, a public company, is in charge of it [49]. 

strengthen the private participation in RE initiatives, and increase local 
capacities at the institutional and technical levels. 

Islands belonging to developed countries are more competitive in the 
energy sector due to the investment capability of public and private 
sectors, local capacities, a robust regulatory framework and attractive 
incentives for business. These factors and others commented on the 
following section have allowed high shares of RE to be obtained. New 
challenges for these islands are related to the instability of the power 
systems which is more acute as renewable generation rises by adding 
new units. Thus, privatized decision making and new management 
around the new generation should change to invest in other sectors 
(such as the research sector) to address solutions to current weaknesses 
[155]. This involves changes in the design of business models involving 
research centers. On the other hand, SIDS have not attained an energy 
identity that reflects their real needs [103] as has happened in the 
Galapagos Islands. There, innovative business models including private 
entities are a necessity to decrease the level of dependency on foreign 
aid, goods and prices. This has to imply the modernization of their 
power sectors, policies, incentives and stakeholders. To do so, the 
participation of donors and international financing should be rethought. 
This means that energy transition requires needs such as building ca
pacities and increasing private participation to be prioritized, especially 
when financial assistance promotes their companies and local technol
ogies. This is the case of the German companies Lahmeyer and Siemens 
in the Galapagos Islands and that of the Arab Masdar Mubadala 
Company in Tuvalu and Seychelles. These companies take care of the 
implementation of projects co-financed by the governments of Germany 
and the Arab Emirates respectively [126,143,149]. 

This review encourages those experiences in islands from developed 
countries to be analyzed and identified that could be transferrable to 
other contexts such as the Galapagos Islands and SIDS. In fact, Ahlgren 
and Lagerstedt [156] showed that bringing a successful business model 
from one country to another one could be successful through an in-depth 
understanding of the new conditions. Future technology developments 
should reflect the particular conditions of each island [36]. This might 
promote new ways of collaboration between islands and their partners, 
where the public sector should be participating as a leader in the 
introduction of RE. 

7. Configuration of hybrid renewable mini-grids 

Mature technologies have favored the RE sector development 

In the Galapagos islands: the Baltra PV plant was financed by the Govern
ment of Japan and built with Mitsubishi modules, and the PV system of Santa 
Cruz was financed by Government of Korea and built with BJ Power modules. 



T a b l e 4 a 

Business m o d e l s for r e n e w a b l e e n e r g y . 

Project/Kickoff Business Model Promotion 

Tools, Funding 

and Viability 

Promoters & Funders 

Public Others 

Initial cost Implementing O&M 

company 

Tokelau 

Hydroelectric 

Power Plant "El 

Hierro" (2014) 

The Graciosa 

Project 

TREP(2012) 

Tuvalu Funafuti The Tuvalu Solar 

Power Project 

(2006) 

Solar Space 

Creation Project 

(2015) 

Public - private 

Public - private 

Public with 

international 

cooperation 

Public - private 

with 

international 

cooperation 

Public with 

international 

cooperation 

Vaitupu The Tuvalu Public with 

Photovoltaic international 

Electricity Network cooperation 

Integration Project 

(2009) 

Local goal, 

tendering, 

auctions, 

standard 

subsidies 

Local and 

national goal, 

PPA, grants 

National Goal 

National Goal 

National Goal 

National Goal 

Canary Islands Council 

(Municipality of Porto Novo), 

Technological Institute of the 

Canary Islands (ITC), Institute 

for Diversification and Saving 

of Energy (IDAE) 

Entidade Reguladora dos 

Servicios Energéticos (ERSE) 

(guarantees payments and 

decides PPAs), EDA (energy 

sales), Agency for the 

Promotion of Investment in the 

Azores (APIA) 

Government of Tokelau 

Ministry of Public Utilities, The 

Tuvalu Electricity Corporation 

(TEC) 

Government of Tuvalu 

Government of Tuvalu, TEC, 

Tuvalu Department of Energy 

Endesa Ltd. 

Younicos AG 

$93 

millio o US 

Gorona del 

Viento El Hierro 

Ltd. 

Gorona del 

Viento El Hierro 

Ltd. 

[23,78, 

139, 

140] 

27 

lillion US 

Younicos AG Maintenance 

Agreement (not 

available 

details) 

[132, 

141] 

The Kansai Electric 

Power Company, e8 

Secretariat, Tokyo 

Electric Power 

Company (TEPCO) 

The New Zealand 

Ministry of Foreign 

Affairs and Trade 

(MFAT) 

Government of Japan, 

Pacific Power 

Association (PPA) 

United Arab Emirates 

(UAE) -Pacific 

Partnership Fund, 

Abu Dhabi Fund for 

Development (ADFD) 

Government of Italy 

and Austria, 

International Union 

for Conservation of 

Nature (IUCN) 

$6.93 

million US 

N/A 

$50 

million US 

$800,000 

US 

N/A 

Japanese 

Sumitomo 

Densetsu 

Company 

Masdar 

Mubadala 

Company 

N/A 

Department of 

Energy (DoE), 

Taupulegas 

TEC 

[23,48, 

121] 

[49, 

142] 

[23,49, 

143, 

144] 

[23,49] 



T a b l e 4 b 

Business m o d e l s for r e n e w a b l e e n e r g y . 

Project/Kickoff Business Model Promotion Tools, 

Funding and 

Viability 

Promoters & Funders 

Public Private Others 

Initial 

cost 

Implementing company O&M 

San 

Cristobal 

Santa 

Cruz -

Baltra 

Isabela 

Wind farm San 

Cristobal (2007) 

Wind farm Baltra 

and the 

transmission line 

Baltra - Santa 

Cruz(2015) 

Photovoltaic 

Project Puerto 

Ayora(2014) 

Photovoltaic 

System with 

storage batteries 

in Baltra (2016) 

Hybrid System 

Isabela (ongoing) 

Public - private 

with 

international 

cooperation 

Public with 

international 

cooperation 

Public with 

international 

cooperation 

Public with 

international 

cooperation 

Public with 

international 

cooperation 

National Goal, trust 

fund, voluntary 

donations from 

taxes, Clean 

Development 

Mechanism (CDM) 

(2008), feed-in 

tariff, subsidies 

National Goal, 

MDL, trust fund 

National Goal 

National Goal 

National Goal 

Floreana Hybrid electricity 

generation 

system (diesel, 

biodiesel and 

photovoltaic 

energy in 

Floreana (2011) 

Public with 

international 

cooperation 

National Goal, trust 

fund 

Ministry of Electricity and 

Renewable Energy 

(MEER), Provincial 

Electricity Company 

ELECGALAPAGOS, 

Municipality of San 

Cristobal 

MEER, ELECGALAPAGOS, 

Electricity Corporation of 

Ecuador (CELEC-EP) 

through the business unit 

Transelectric 

MEER, ELECGALAPAGOS 

MEER, ELECGALAPAGOS 

MEER, ELECGALAPAGOS 

MEER, ELECGALAPAGOS, 

National Institute for 

Agricultural Research 

(INIAP) 

Global 

Sustainable 

Electricity 

Partnership 

(GSEP) 

United Nations 

Foundation (UNF), 

United Nation 

Development Program 

(UNDP) 

$10 EOLICSA (today part of ELECGALAPAGOS [82] ! 

million ELECGALAPAGOS), 

US UNPD 

ELECGALAPAGOS [126] Global Environment 

Facility (GEF), UNF, 

UNDP, Germany 

International 

Cooperation Agency 

(GIZ) 

Korea International 

Cooperation Agency 

(KOICA) 

Japan International 

Cooperation Agency 

(JICA) 

Government of 

Germany through the 

German Development 

Bank -KfW 

UNDP, German Federal 

Ministry for the 

Environment, Nature 

$27.66 

million 

US 

$10.6 

million 

US 

$10 

million 

US 

$11.5 

million 

US 

N/A 

MEER, CELEC-EP, 

ELECGALAPAGOS, 

UNDP, Unison -

LeoKonKorea 

MEER, 

ELECGALAPAGOS, 

KOICA 

MEER, 

ELECGALAPAGOS, 

MEER, 

ELECGALAPAGOS, 

KfW, Lahmeyer 

International Ltd., 

Siemens Ltd. and 

Siemens AG 

MEER, 

ELECGALAPAGOS, 

UNDP, IICA 

ELECGALAPAGOS [145] 

ELECGALAPAGOS [126] 

ELECGALAPAGOS [145] 

ELECGALAPAGOS [126, 

146] 

Conservation, Building 

and Nuclear Safety 

(BMU), GIZ, Inter-

American Institute for 

Cooperation on 

Agriculture (IICA) 



Table 4c 
Business models for renewable energy. 

Name 

Kodiak 

Necker 

Ik aria 

King 

Island 

Seychelles 

Project/ 

Kickoff 

Pillar 

Mountain 

Project 

(Wind farm) 

(2009 and 

2012) 

Necker 

Island 

Project 

(2014) 

Hybrid 

Energy 

Project 

(2012) 

KIREIP 

(1998, 

2003, 2008 

and 2014) 

Port 

Victoria 

Wind Farm 

(2014) 

Business 

Model 

Public -

private -

community-

based 

Public-private 

Public-private 

Public 

Public with 

international 

cooperation 

Promotion 

Tools, Funding 

and Viability 

National Goal, 

clean RE bonds 

(CREBs), trust 

fund, subsidies 

Local goal, 

bids, Request 

for Proposal 

(RFP) 

National Goal, 

fund, feed-in 

tariff 

National Goal, 

subsidies, 

government 

taxes on coal 

(July 2012 and 

2014) 

National Goal 

Promoters & Funders 

Public 

Alaska 

Energy Authority 

BVIEC 

PPCLtd.., PPC 

Renewables Ltd. 

(PPCR) 

Government of 

Australia and 

Tasmania, Hydro 

Tasmania, 

Australian 

Renewable 

Energy Agency 

(ARENA) 

Government of 

Seychelles 

Private 

KEA, Co-

Bank, 

Younicos 

AG 

Virgin 

Limited 

Edition, 

NRG 

Energy 

N/A 

Others 

Community 

UAE-Pacific 

Partnership 

Fund, ADFD 

Initial 

cost 

$59 

million 

US 

N/A 

$46 

million 

US 

$22 

million 

US 

$28 

million 

US 

Implementing 

company 

KEA, Younicos 

AG 

NRG Energy 

PPCR Ltda., 

other private 

partners 

Hydro 

Tasmania, 

Entura, 

Momentum 

energy 

Masdar 

Mubadala 

Company 

O&M 

KEA, 

Younicos AG 

NRG Energy, 

BVIEC 

HEDNO Ltd. 

Hydro 

Tasmania 

Public 

Utilities 

Corporation 

(PUC) 

Source 

[106, 

134] h 

[51, 

123] 

[113, 

147, 

148] c 

[23, 

51, 

114] d 

[23, 

149] e 

a http://www.gsep-ppp.org/case-studies/san-cristobal-galapagos-wind-power-project/. 
https://www.hydroworld.com/articles/2009/03/alaska-electric-association-buys-225-mw-terror-lake.html. 

c https://www.mfa.gr/cyprus/en/about-greece/energy-and-environment/energy.html. 
http://www.entura.com.au/projects/7753/. https://www.smh.com.au/business/renewable-energy-trial-provides-tasmania-with-free-power-20171117-gznwk7. 

html, http://www.kingislandrenewableenergy.com.au/project-information/overview. 
e http://www.puc.se/about-our-network/. 

globally. In the islands analyzed, the processes of hybridization of 
thermal power plants with renewable resources began more than a 
decade ago. Table 5 shows the installed capacity of diesel, RE and the 
storage system per island as well as indicators, such as RE penetration, 
energy consumption and peak demand (data that have been commented 
in previous sections). The renewable capacity of the case studies rep
resents a minimal part of the wind and solar global potential estimated 
in Ref. [17], 0.3% and 0.08% respectively. 

Thanks to this state of the art, it is possible to identify that, on small 
islands, the most common technologies to hybridize DGs are wind and 
PV with electromechanical batteries. In the last decade, wind and solar 
power have increased their penetration in many power systems due to 
their lower cost [157,158]. In the islands studied, the greatest installed 
renewable capacity is wind energy because of the availability of the 
resource, especially on the islands in the Atlantic. Furthermore, this is 
the result of its economic competitiveness in comparison with tradi
tional diesel technology [57]. PV has a greater presence on the Pacific 
islands and hydroelectric power plants on islands with high elevations 
(between 1000 and 1500 m). In most cases, installing more than one RE 
technology, storage and control system helps HRMGs to compensate the 
RE intermittency and seasonality, and the imbalance between supply 
and demand. On those islands in which these three elements are com
bined, the penetration of RE is higher (between 60 and 100%). 

The type of technology used for the hybridization of thermal systems 
depends mainly on the geographical and geological characteristics and 
on the natural resources of the region. However, these preconditions are 
not enough in the case of hydroelectric generation even more so when it 
has an associated pumped storage system: technological research, in
vestment and local capacities have greater weight than in other cases. In 
SIDS and the Galapagos Islands, the technology used also depends on the 
technology manufactured in the country of origin of international aid. 

Some examples are described below: 
The hybrid system on El Hierro consists of five wind turbines of 

2.3 MW each, a hydroelectric power plant with four Pelton turbines of 
2.8 MW, a pumping station of 6 MW (to pump desalinated water), and 
a thermal power plant of 11.36 MW (it is used as a backup system) [78]. 
Pumped storage helps power systems to achieve high wind penetration 
[157]. This hybrid system has generated over a thousand hours of 100% 
RE (48 GWh/year) since its start-up: each hour represents a saving of 
1765 liters of diesel and avoids the emission of 3 tons of CO2 into the 
atmosphere [159]. In recent years, RE has increased due to improve
ments in control strategies to regulate frequency deviations [160]. The 
pumped hydro, wind and control systems have cost $3230 US/installed 
kW (see Table 4a, 5), a high value for a relatively small system which 
reflects that this project would not be possible without public and pri
vate financing [36] and the support of the Technological Institute of the 
Canary Islands. Nowadays, the maintenance costs of the wind/hydro 
power-system are four times cheaper than a diesel generation system 
[ ]. It is worth mentioning that the Canary Islands government has 
been working on water desalination for more than 50 years. This water 

28 The surplus of wind energy is used to pump desalinated water from the 
lower reservoir, with a capacity of 150,000 m<span data-for-
mat="superscript">3</span>, to the upper one, a natural crater called La 
Caldera, with a capacity of 380,000 m<span data-format="superscript">3</ 
span>. Both reservoirs are connected through a 3 km long pipe. 530 m of 
pipeline are buried to preserve El Cardonal, a protected area with a great value 
for local islanders [79]. 

http://www.gsep-ppp.org/case-studies/san-cristobal-galapagos-wind-power-project/
https://www.hydroworld.com/articles/2009/03/alaska-electric-association-buys-225-mw-terror-lake.html
https://www.mfa.gr/cyprus/en/about-greece/energy-and-environment/energy.html
http://www.entura.com.au/projects/7753/
https://www.smh.com.au/business/renewable-energy-trial-provides-tasmania-with-free-power-20171117-gznwk7
http://www.kingislandrenewableenergy.com.au/project-information/overview
http://www.puc.se/about-our-network/


T a b l e 5 

Conf igu ra t i on of h y b r i d min i -g r ids . 

Wind Photovoltaic 

(MW) (MWp) 

Hydroelectric 

(MW) 

11.3 

(Desalination) 

Pumping 

(MW) 

6 

Diesel 

(MW) 

11.36 

4.61 

N/A 

N/A 

N/A 

Biodiesel 

(MW) 

Batteries (Pb, 

lead-acid) 

(Li, lithium-

ion)/Flywheel 

4 M W / 3 . 2 M W h 

Pb 3.37 MWh 

Pb 2.76 MWh 

Pb 2.45 MWh 

Total 

Power 

(MW) 

34.16 

10.11 

1 

RE (%) Demand 

(MWh/ (kWh/ 

year) capi ta/ 

year) 

Peak 

demand 

(MW) 

Fi Hierro 

Graciosa 

Tokelau 

Tuvalu 

Galapagos 

Fakaofo 

Atañí 

Nukunomu 

Funafuti 

Vaitupu 

Others 

San Cristobal 

Santa Cruz - Baltra 

Isabela 

Floreana 

11.5 

4.5 

2.4 

2.25 

1 

0.365 

0.3 

0.265 

2.065 ; 

1.567 

0.952 

0.21 

Kodiak 9 

Necker 0.9 

Ikaria 2.7 

King Island 2.4 

Seychelles Mahé (Romainville, 6 

He du Port) 

Praslin - La Digue 

0.3 

1.04 

11,5 

(Lakewater) 

4.15 

(Rainwater) 

2345 
0.26 
0.13-0.201 

8.3 

13.9 

2.3 

0.15 

33 

0.96 

12.16 

71 

13 

N/A 

P b 4 M W h 

Li 0.268 MWh 

Li 0.66 MW/ 

0.33 MWh 

Pb 0.096 MWh 

3 M W / 

0.75 MWh 

0.5 MWh 

P b 3 M W / 

1.5 MWh 

Flywheels -

2MVA 

10.7 

17.71 

3.25 

0.31 

53.5 

2.16 

23.05 

77 

13 

70-100 48,000 3232.54 

70-100 14,000 2819.17 

70 255.1 479.80 

201.8 

219.4 

8.2 6400 593.58 

8.2 

20 

N/A 

57 

100 

80 

60-70 

14,400 

27,850 

4540 

197 

94,800 

N/A 

29,000 

1475.19 

4221.87 

6191.75 

7.6 

0.0512 

0.038 

0.0367 

0.936 

3.37 (2016) 

9.28 (2016) 

1 (2016) 

0.076 
(2016) 

27 

0.4 

9 (2012) 

50 

7 

[51,78,139, 

159] 

[132,141, 

180] 

[40,48,95, 

121,127, 

181] 

[49,127, 

142,143] 

[126,177, 

182,183] 

[106,134, 

184] b 

[51,123] 

[113,133, 

148,185] 

[23,51, 

124] 

[52,100, 

149] 

a T o t a l r e n e w a b l e c a p a c i t y ins ta l l ed in T u v a l u . Ava i l ab l e a t : h t t p s : / / i s l a n d s . i r e n a . o r g / R E - P r o g r e s s / C o u n t r y - P r o f i l e s . 

h t t p : / / w w w . k o d i a k e l e c t r i c . c o m / g e n e r a t i o n . h t m l . 

https://islands.irena.org/RE-Progress/Country-Profiles
http://www.kodiakelectric.com/generation.html


is for human consumption, agriculture and electricity production [161] 
On the island of El Hierro, there are four public desalination plants, 

whose electricity consumption is 9% of the total demand [162,163]. In 
contrast, the island of San Cristobal (Galapagos) has a hydro-potential of 
140 m /year in El Cerro Gato (lakewater) [164], but the national gov
ernment has not been able to assess the technical feasibility of a 
pump-storage system due to the lack of financing and the difficulties in 
establishing agreements with local institutions. In San Cristobal, the 
wind farm alone has cost $4200 US/installed kW (see Table 4b, 5), 14% 
more than on El Hierro. Furthermore, there are no robust control and 
storage systems. The result is a low RE penetration (8.2%). 

Zakeri and Syri [165] found the cost per unit of power capacity of 
storage systems such as pumped, flywheel, lithium-ion and lead-acid 
batteries is $583, $326, $526, $430 US/kW respectively, while the 
storage cost is $77 US/kWh of pumped, $903 US/kWh of lithium-ion, 
and $702 US/kWh of lead-acid. Nevertheless, the storage cost of fly
wheels and batteries is falling to levels much closer to pumped storage 
systems [36,165,166]. In terms of LCOE, pumped storage is the cheapest 
option ($136 US/MWh) [165]. In islands where it is not possible to 
install pumped storage plants, batteries are the low-cost alternative 
[36], such as the case of Tokelau and Tuvalu. Several studies have 
concluded how energy power systems reduce LCOE and CO2 emissions 
using RE sources and batteries in comparison with DGs only scenarios 
[46,167-170]. Batteries may lead to a substantial cost reduction espe
cially in islands with a high irradiation [46]. HRMGs, which use PV 
technology, open up a higher introduction of electromechanical storage 
systems due to the energy surplus related to its daily solar irradiance 
profile [171]. On small islands worldwide, with a potential of 5 GWh of 
battery capacity, the RE share can increase from 46% to 70% and the 
LCOE may decrease from 40 USc/kWh to 6% lower [46]. However, the 
environmental benefits related to the use of batteries could be mini
mized by inadequate battery waste treatment. These storage systems 
require the use of quality control systems to extend their lifetime. 
Furthermore, the introduction of waste management programs is 
necessary to collect, replace and recycle batteries [172]. In developed 
countries, lead acid batteries are entirely recycled, but this is costly and 
more difficult to implement in less developed economies [173]. Circular 
economy practices are expected to become more important in the future 
to solve this issue. Business model implementation is also necessary to 
support the return of batteries at the end of their lifetime [174]. 

In the Galapagos Islands, the only storage systems installed are 
batteries. For instance, Santa Cruz has a PV system of 1.5 MWp and a 
thermal system of 13.9 MW and Baltra has a PV system of 67 kWp, a 
wind farm of 2.5 MW 31 and a battery storage system of 4.3 MWh [126, 
175]. Santa Cruz and Baltra are interconnected through a 51.4 km 
cable. The storage system is hybrid and very innovative technologi
cally [176]. The lead-acid batteries (4.03 MWh) store the surplus energy 
generated by the wind farm and the PV systems, and the lithium-ion 
batteries (0.268 MWh) regulate the wind-generated electricity fluctua
tions [126]. Today, 20% of the electricity generated by the full power 
system described is renewable, which amounts to an annual saving of 
approximately 2.6 million liters/year and avoids the emission of 5150 
tons of CO2 into the atmosphere [177,178]. 

Flywheels are fast-responding (milliseconds or seconds to minutes) 
which make them suitable for hybrid power systems [165]. For example, 
on King Island, the power system consists of 6 MW of thermal generators 

29 http://www.gobiernodecanarias.org/noticias/agpa/Aguas/24759/canarias 
-319-desaladoras-capacidad-produccion-agua-potable-superior-660.000-m-dia. 
30 From an interview with technical assistants of Renewable Energy Direc

torate of Ministry of Electricity and Renewable Energy from Ecuador (October 
2018). 

It is made up of three wind turbines of 750 kW each one [127]. 
32 It includes an submarine cable of 900 m that crosses the Itabaca channel 
[127]. 

(diesel and biodiesel), 2.24 MW of wind turbines, 0.1 MWp of PV, a 
resistive load of 1.5 MW that can vary rapidly to absorb the surplus 
wind-generated electricity, and two flywheels whose performance is 
even higher through a 1.5 MWh battery bank [51,124]. In fact, a 
battery-flywheel system can increase the battery's lifetime significantly 
[179]. Thanks to this architecture, the island has managed to reduce 
electricity service interruptions by 50% and save over 21 million liters of 
diesel and about $1,8 million US/year in O&M and fuel purchases [23]. 

Technological breakthroughs make it possible for the islands to 
overcome those problems related to geography, geology, seasonality of 
renewable resources and use of water and land, stability of electricity 
service, O&M costs and high electricity prices. Even though the Pacific 
SIDS34 are flat and small, and have a high-density population, and the 
Seychelles have orography constraints (mountainous and granite 
islands) that prevent the access of heavy machinery to the interior, both 
groups of islands have installed energy systems that require a large 
amount of land. Achieving high RE penetration is limited by the lack of 
capacities and financing but not by technology. On the islands analyzed 
in the Pacific and Indian Oceans, according to the data on the currently 
installed capacity, there is only hybridized 25% of the total diesel gen
eration (150 MW). 

Although the technical objective of the introduction of RE is to use 
DGs as a backup, Tuvalu, the Galapagos Islands, and the Seychelles are 
still using DGs as the main generation source. These islands need more 
reliable control and storage systems that are capable of storing RE for 
several hours and days. An example would be pumped hydroelectric 
storage if geographical conditions make it possible [57] (e.g., San 
Cristobal - the Galapagos Islands). On these islands where only desali
nated water may be used for pumping systems, there are two main 
barriers: the initial investment capacity and the large amount of elec
tricity needed to desalinate the water. The most commonly used storage 
systems are lead-acid battery banks (less costly than lithium-batteries), 
and flywheels are only used on one island. The islands in the Pacific 
and Indian Oceans have a great opportunity to further strengthen 
mini-grids with a bigger renewable and storage capacity. In order to do 
so, building capacities and accessing funding are a challenge as well as a 
priority. 

8. Results and discussion 

8.1. Overview of business models 

In island areas where energy is generated with HRMGs, business 
models define the way these systems are financed, initiated, planned, 

33 It allows, on the one hand, the storage of the surplus of wind energy in the 
form of kinetic energy that will be used as electricity when needed, and on the 
other hand, starting the secondary DG swiftly if the demand is higher than the 
renewable generation can produce. That way the system stability is guaranteed 
and shutdowns are avoided. 
34 In Tokelau, the TREP has achieved 0.93 MWp of installed PV capacity and 

battery banks of 8.58 MWh. The configuration of this system has allowed 
maintenance costs to be reduced from $85,000 US/year to $42,000 US/year, a 
saving of $829,000 US/year in the purchase of fuel and avoiding the annual 
emission of 1300 tons of C02 to the environment [23,96]. Before the imple
mentation of the TREP, in 2011 Tokelau imported 162,000 liters of diesel: 160, 
000 liters were used to generate electricity and the remainder, in the transport 
sector. Nowadays, fuel imports are mostly destined to the transport sector 
(diesel and gasoline) and for cooking stoves (kerosene) [48]. 
35 In the Seychelles, the construction of a wind farm with eight wind turbines 

(0.75 MW each): five on Romainville and three on He du Port (two artificial 
islands on the coast of Mahé) [150]. Mahé is interconnected with the rest of the 
islands (Praslin, La Digue, Romainville, He du Port) by means of a submarine 
cable connection [23,101]. Thanks to this project, the Seychelles import 1.5 
million liters of diesel per year less and prevent the emission of 10,000 tons of 
C02 [150]. 

http://www.gobiernodecanarias.org/noticias/agpa/Aguas/24759/canarias


implemented and operated [186]. Unlike business models applied in 
rural areas, in terms of funding, this research has identified five business 
models applied on non-interconnected small islands: one public and four 
hybrid models such as public - private partnership, public - private -
community-based partnership, public with international cooperation 
and public - private partnership with international cooperation. Private 
and community models are unusual because both demand the support of 
the public sector to install higher power of RE. For instance, the com
munity model is often applied when large RE projects are connected to 
the national grid (mainland), dependent on a wide range of institutional 
arrangements as well as funding programs, expert assistance and the 
entrepreneurial spirit of the communities [187]. Well-designed business 
models, which consider local conditions and limitations, favor greater 
RE penetration. These depend enormously on the political, financial, 
institutional, social, technological and environmental factors of each 
island. Fig. 2 shows the business models applied in the case studies 
compared with the RE share. Likewise, their definitions are explained 
below: 

- In spite of the fact developed countries have applied a public business 
model, it is not the most common in small islands. This model is led 
by central and local governments and specialized bodies. The private 
sector participates in the implementation phase and the public sector 
is responsible for O&M. This model requires solid regulations, a large 
investment capability and local capacities to hybridize thermal 
power plants. 

- The hybrid models are the most common which distinguish islands 
belonging to developed countries from the least developed ones: 

In developed regions, the hybrid model is characterized by the 
participation oí public and private sectors and even oí communities with 
an innovation culture. When research centers take part in business 
models, there is a constant innovation process to work on improving the 
stability of HRMGs. This business model is supported by robust regula
tory frameworks and several and attractive mechanisms to promote, 
finance and make profitable investments in RE. As a rule, the private 
entity is also in charge of O&M tasks directly or by a third party. 

In the least developed islands, public with international cooperation, 
which is the most common hybrid model, discourages private companies 
from participating in RE deployment. Although the public sector creates 
horizontal and vertical partnerships to facilitate the management, it is 
hard to build solid alliances. The O&M activity is the responsibility of 
local public companies which do not have enough local capacity to 
guarantee the sustainability of the projects. The lack of suitable policies 
and attractive incentives to fund projects is a considerable weakness. 
There is also a lack of trained human resources and a poor transfer of 
knowledge from implementing partners to local technicians. This model 
is economically unsustainable to fund large renewable power. Only 
when the electricity demand is lower, can small islands achieve high 
shares of RE with funding from the public sector and international 
cooperation, e.g., Tokelau (70% of RE share, 676 MWh/year). Similarly, 

public-private with international cooperation, which has similar charac
teristics as the public with international cooperation model, has been an 
unsuccessful business model to establish a new market niche for RE 
technologies on these islands. Private participation is very limited due to 
conservative policies. Thus, concessions have no continuity over time. 

Business models are also comparable in terms of the LCOE. On the 
island of Kodiak (100% of RE share), where a public - private -
community-based partnership was applied to implement an HRMG, the 
generation costs are 11.6 USc/kWh with wind energy and 6.8 USc/kWh 
with hydroelectric energy, much more lower than the cost of diesel 
generation (28.9 USc/kWh - 92 USc/liter of diesel) [184]. In the Gal
apagos Islands, where a public with international cooperation was 
applied, the subsidized LCOE is 24.31 USc/kWh [188]. The RE share is 
on average 17% [189]. Unfortunately, there is no information on the 
real electricity generation cost. To reduce the economic impact on the 
ELECGALAPAGOS (local electricity company), the O&M costs of the 
generation are settled in the National Interconnected System (SNI) 
[188]. Islands should audit their projects to foster decision making in 
policies and business models based on real market conditions. 

For the deployment of renewable energy, a great variety of in
centives have been used in developed islands, while these incentives 
have been insufficient in SIDS and the Galapagos Islands. This research 
identifies two possible options to accelerate RE introduction in these 
territories: competitive auctions and the RESCO model as regards the 
lower costs of renewable technologies. Well-designed and transparent 
auctions foster the expansion of wind and PV technologies in a cost-
effective manner [190,191], decreasing the risk in those countries in 
which this is typically high [191]. This mechanism has replaced the 
application of feed-in tariffs in so many countries including the least 
developed [191,192]. This model has shown that it is possible to reac
tivate the electrical power sector, previously based on feed-in tariffs 
[190]. Investors get returns by selling electricity at established prices in 
PPAs, which come up from a competitive bidding process. Likewise, if 
auctions include upfront guarantees, this model can enable a robust 
financing process [191]. Moreover, the RESCO approach has been suc
cessfully implemented on the island of Graciosa through a shared sav
ings scheme. In the least developed islands, the LCOE of new RE projects 
should be compared with the real generation prices of thermal power 
plants (without subsidies). Thereby, quantifying the government's 
profits will be possible. Graciosa is saving 2.4 million liters of diesel/-
year [180]. Nevertheless, tax incentives should be implemented to 
enhance RE opportunities. 

For most islands belonging to developed countries, a liberalized 
market is sign of a secure investment while in others such as King Island, 
the institutional and technical capacities had made a successful 
deployment of REs possible when the power sector was a monopoly. The 
Necker case is very special as it is owned by a rich entrepreneur who is 
leading its energy diversification. In SIDS and the Galapagos Islands, the 
main constraints for RE deployment are weak institutional capacities 
and a lack of awareness of the efficient use of energy [35,40,92]. 
Moreover, these islands will not achieve their targets if these targets only 

Public 

Public - private 

Public - private - community-based 
Public with international cooperation 

Fig. 2. Business models for HRMGs implementation vs RE share. 



depend on external financing. There, private participation is needed to 
support policies and regulations, transfer of knowledge and experiences 
and to solve funding issues. Furthermore, the design and implementa
tion of projects could improve if the community takes part in under
standing the contexts and decision making. 

According to Amit and Zott [193], business models are designed 
based on four antecedents: goals, template, stakeholders and environ
mental constraints. As another study demonstrated [156], this research 
transfers this concept to the context of small islands, which determines 
that business models are influenced by: 

- Goals: Increasing RE penetration, helping to mitigate climate change, 
reducing fossil fuel dependency, making electricity prices less costly 
and raising the rates of access to electricity - only in the Pacific and 
Indian islands-. 

- Template: It is the design per se of a business model on every island. 
- Stakeholders: Collaboration between public and private sectors, 

communities and international agencies and donors -only in the 
Pacific and Indian islands-. In a business model, all of the participants 
deserve the same importance regardless of their functions in the 
different stages of the project development. For instance, the 
participation of public administrations in business models is crucial 
to establish a regulatory framework and to promote, fund and assure 
the cost-effectiveness of REs. 

- Environmental constraints (political, financial, institutional, social, 
technological and environmental): Constraints in the Pacific and 
Seychelles have not been considered in designing and implementing 
business models, e.g., one of the main barriers in SIDS is the insti
tutional limitations because of the lack of qualified human resources 
in every professional role, especially in administrative and financial 
management tasks such as the preparation of proposals to facilitate 
access to funding [49,194]. Furthermore, SIDs are more vulnerable 
due to insufficient knowledge about energy and the scarce social 
commitment to the preservation of the environment of their 
population. 

Business models are the guidelines to the implementation and suc
cess of HRMGs, whose design depends mainly on the island context and 
the interest, participation and commitment of multiple stakeholders. In 
SIDS and the Galapagos islands, financial aid has been crucial in 
implementing business models and installing renewable power. How
ever, energy transition demands more than pure financial assistance. 
This should be more effective in terms of policies, capacities, and the 
exchange of experiences between developed and developing regions to 
attract private investment. These aspects need to be resolved for new RE 
projects, which have been an opportunity market for technology and 
companies from the donor's government. Energy transition demands a 
restructuring of the cooperation agenda, international financing and aid, 
which also implies the transparency of generation costs. Future research 
will be to assess how foreign aid should be redirected in line with sup
porting the energy transition of small islands, and the definition of 
suitable business models according to the context of the least developed 
islands. 

8.2. Overview of hybrid renewable mini-grids 

On islands in which there is no interconnection with the mainland, 
the implementation of RE requires an in-depth understanding of the 
context to guarantee energy security, access to electricity, a match be
tween supply and demand, lower electricity prices and acquiring re
sponsibilities for combating climate change. For this reason, this 
research has identified the main factors to take into account to plan and 
implement HRMGs on non-interconnected small islands. Table 6 shows 
these factors: 

Considering the factors listed in the planning, design, and imple
mentation of RE projects would be helpful in terms of economic 

efficiency and sustainability. These aspects deserve to be analyzed to 
identify the most suitable power system according to the context con
ditions and to solve the previous needs before or during the imple
mentation of the project. For example, in protected areas due to their 
environmental value, the availability of the surface for the installation of 
PV plants, or wind generators, may be very limited, as in the case of the 
Galapagos Islands. Here, the National Park of the Galapagos Islands 
institution decides on the areas available for RE projects. As regards 
local capacities, on the island of Santa Cruz (the Galapagos Islands), 
after three years of operation of a PV system (1.5 MW), the O&M staff 
has replaced several inverters (60/93) and modules (34/6007) without a 
previous analysis due to the lack of knowledge of PV systems. This cost 
half a million US Dollars [176]. After having interviewed part of the 
technical and administrative staff of ELECGALAPAGOS, the conclusion 
is that there are two major limitations to RE. The first, due to the lack of 
local engineers and trained technicians along with the insufficient 
planning and direction of training courses (financed by international 
aid). This highlights the importance of setting out appropriate training 
programs to implement, operate and maintain RE projects. The second, 
because of the logistics in islands: the transport, access and installation 
of heavy equipment to islands are limited. Both remoteness and orog
raphy affect investment costs. ELECGALAPAGOS also recognized that 
financial assistance is a key player in the deployment of RE, where 
private investment has absolutely no opportunity due to the current 
electricity legislation [151]. These reflect an opposite view of energy 
transition and the need to improve policies, capacities and to change the 
current implementation model of HRMGs towards another more sus
tainable outlook. 

9. Conclusions and policy implications 

This paper presents the state of the art of HRMGs implemented on 
non-interconnected small islands based on a review of 10 case studies. 
With this review, it has been possible to identify drivers and inhibitors of 
RE as well as business models to develop RE projects through an in-
depth understanding and analysis of the environment of small islands. 
Thereby, this research offers a new definition of business models and 

Table 6 
Key factors for the implementation of hybrid renewable mini-grids. 

Key factors Category 

Level of dependency of thermal power generation Size, remoteness and 
Real cost of electricity generation (without subsidies) insularity 
Available land for use 
Definition of the area available to install RE projects/ Environmental 

Protection of biodiversity 
Obtaining environmental licenses 
Prevention of oil spills 
Mitigation of climate change 
Reduction in the effects of natural disasters 
Reduction in GHG emissions 
Available policies for promoting and funding RE, EE and Political, institutional, 

access to electricity financial 
Available incentives for RE, EE and access to electricity 
Local expertise in RE 
Existing stakeholders 
Possibilities for private participation 
Availability of financial assistance 
Definition of business models 
Non-interconnected power systems/Possibilities for Technical 

interconnection 
Installed thermal power capacity 
Stability of power systems 
Renewable energy potential 
Additional cost due to orography 
Rates of electricity access Socio-economic 
Main economic activities 
Growth rate of population 
Growth rate of electricity demand 



lists the key factors for the implementation of HRMGs to support plan
ning and decision making. The results foster changing current paradigms 
of intervention and look for other ways of achieving RE targets. Energy 
planning should be oriented to take care of natural and ecological 
conditions in these vulnerable contexts. 

Based on an analysis of the configuration of HRMGs, it is demon
strated that wind, PV, electromechanical storage and reliable control 
systems have a promising future on non-interconnected islands. RE 
technology implemented depends mainly on local conditions in terms of 
geography, resources, funding, research capacity and political willing
ness. Moreover, technological innovation helps islands to overcome the 
barriers related to their natural constraints. In these islands, the size of 
HRMGs varies from 1 to 90 MW, and wind and PV capacity have more 
presence on the Atlantic and the Pacific islands, respectively. 

HRMGs are the most cost-effective and viable solution for non-
interconnected small islands with the current prices of RE technolo
gies. Public policies are crucial in the definition of business models to 
hybridize diesel generation plants. Similarly, suitable business models 
support the successful achievement of RE goals on small islands and, 
above all, the achievement of lower electricity prices, reliable electricity 
service, social-economic improvements and environmental benefits. 

Islands belonging to developed countries have achieved high shares 
of RE thanks to the investment capacity of public and private sectors, 
local human resources, social awareness, a robust regulatory frame
work, attractive incentives for business, the introduction of different RE 
technologies and reliable control and storage systems. In SIDS and the 
Galapagos islands, the legal framework should guarantee a secure in
vestment to solve the lack of local capacities and funding. In these ter
ritories, policies should not continue to be conservative and 
contradictory with the 2030 Agenda. Moreover, RE targets should be 
defined in a realistic way. The private sector has to be part of the 
introduction of RE. Thus, the public-private partnership would be the 
most suitable business model for those islands. Foreign aid should focus 
on establishing effective policies, awareness campaigns to involve so
ciety, and training programs via cooperation strategies with developed 
islands. This transfer of knowledge and experience may be more satis
factory due to their similar limitations. Finally, the RESCO business 
model or auctions with tax reductions could be considered the most 
attractive mechanisms to fund large-scale projects in the least developed 
islands. 
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