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Abstract 
 

The 2030 Agenda on Sustainable Development has highlighted the key role of energy 

in addressing poverty worldwide. Within this framework, its Goal 7 “ensure access to 

affordable, reliable, sustainable and modern energy” is linked to other Sustainable 

Development Goals (SDGs) by three fundamental dimensions: human development, 

sustainable economic growth, and environmental sustainability. However, achieving the 

SDG7 is not an easy task, considering, for example, the great political differences among 

countries and the limitations in accessing funding by the least developed regions. Even 

though the tracking of the SDG7 shows great progress, governments still remain far from 

fulfilling their targets. The global renewable energy share is only 11% and 840 million people 

still lack access to electricity. These indicators show that the energy transition process is 

below expectations and commitments. In this regard, special attention is needed for the most 

disadvantaged environments such as small islands and rural areas in developing countries. 

Both contexts face great challenges to guarantee the provision of goods and services such as 

electricity, which, in turn, frustrates their opportunities for sustainable development. In 

general terms, small islands are highly dependent on fossil-fuel-based generation systems 

which increases electricity costs; and, rural areas, where an electrical grid extension is often 

infeasible, thus the areas lack an electricity service. Furthermore, even though small islands 

and rural areas contribute least to climate change, they are severely impacted by its negative 

consequences.  

The objective of this PhD thesis is to study off-grid renewable energy systems to support 

the increase in renewable energy share on islands and access to electricity in rural 

communities. This research is focused on the islands from the Pacific Ocean and the Latin 

America region, respectively. This thesis aims to prove the feasibility of mature renewable 

energy technologies to reduce energy vulnerability in these contexts and aims to be a 

showcase to boost similar actions in other regions. The present PhD thesis is structured as a 

compendium of articles following the regulation of the Universidad Politécnica de Madrid.  

Thereby, in the first part of the thesis, the state of the art of hybrid renewable mini-grids 

of small islands is presented by a comparison among cases studies from the Atlantic and 

Arctic, Pacific and Indian Oceans, and the Caribbean and Mediterranean Seas. This review 

also presents new definitions of business models identified to support the introduction of 

renewable energy in these contexts. The results show that the least developed islands, 

especially from the Pacific Ocean need an effective regulatory framework and innovative 

business models for better outcomes in the implementation of renewable energy 

technologies, which also requires a rethinking of international cooperation.  

Secondly, the case of the hybrid power system of Baltra–Santa Cruz from the Galapagos 

Islands has been studied to verify the findings of the first part of this thesis and to propose 

new ways of decarbonizing this archipelago. This research has been carried out using an 

energy system modelling tool, considering specific boundary conditions and regarding the 

vulnerabilities of this context. As result, it has been determined that this system can increase 

the renewable energy share from just 18% to 39% by installing PV technology (18.25 MWp) 

and electromechanical battery systems (20.68 MWh), which would reduce the cost of 
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electricity from 32.06 to 18.95 USc/kWh. Even more, these outcomes would be improved 

through the parallel implementation of energy efficiency means. Considering the ecological 

value of these islands and to prevent the possible impact on the environment of large 

renewable power plants, the feasibility of distributed generation on the island of Santa Cruz 

has been studied. The findings show that there is a PV potential of 18 MWp at the urban 

level, and its implementation by residential and commercial users would reduce electricity 

bills by more than 50%. Thus, a combination of business models for auctions and citizen 

energy community models has been proposed to accelerate the islands’ decarbonization, 

which demands extensive governmental commitment, effective regulations and a greater 

local awareness on the use of energy.  

Thirdly, this PhD thesis studies successful off-grid initiatives by focusing on 3rd 

Generation Solar Home Systems (3G-SHSs) in Peru, Mexico, and Bolivia. The evidence 

shows that confidence, commitment, and flexibility are the main pillars of rural 

electrification. Furthermore, the results reveal that a combination of an energy service 

company (fee-for-service), Pay-As-You-Go, and microfranchising models with 3G-SHSs 

allows sustainable electricity provision to be guaranteed to the people at the base of the 

pyramid. Access to electricity must be established as a state policy to avoid failed 

experiences in this field, to ensure human wellbeing, attract private funds, involve local 

communities in projects, and to foster the implementation of innovative partnerships and 

technologies. 

In summary, this thesis concludes that energy transition requires a deep understanding 

of contexts to design a combination of suitable business models, establish agreements, and 

promote cooperation between different stakeholders. Most importantly, this thesis states 

that every renewable energy initiative must pursue the nexus between energy, environment, 

and society. 
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Resumen 
 

La Agenda 2030 para el Desarrollo Sostenible destaca a la energía como un factor clave 

para la reducir la pobreza en todo el mundo. En este marco, su Objetivo 7 “Garantizar el 

acceso a una energía asequible, segura, sostenible y moderna para todos” apoya el 

cumplimiento de otros Objetivos para el Desarrollo Sostenible (ODS) bajo tres dimensiones 

fundamentales: desarrollo humano, crecimiento económico sostenible y sostenibilidad 

medioambiental. Sin embargo, alcanzar el ODS 7 no es una tarea sencilla, considerando, por 

ejemplo, las grandes diferencias políticas entre países y las limitaciones de acceso a 

financiación para países menos desarrollados. A pesar de que la evaluación en el 

cumplimiento del ODS 7 ha mostrado grandes progresos, muchos gobiernos aún están lejos 

de cumplir sus objetivos. La penetración energía renovable es de tan solo un 11% a nivel 

global y 840 millones de personas todavía no tienen acceso a la electricidad en todo el 

mundo. Estos indicadores muestran que el proceso de transición energética sigue por debajo 

de las expectativas y compromisos establecidos. Bajo este escenario, especial atención es 

necesaria para los entornos más desfavorecidos como lo son las pequeñas islas y las zonas 

rurales de países en desarrollo. Estos contextos enfrentan grandes retos para garantizar la 

provisión de bienes y servicios, como por ejemplo, la electricidad, lo que a su vez limita las 

oportunidades para un desarrollo sostenible. En términos generales, las pequeñas islas son 

altamente dependientes de sistemas de generación basados en combustibles fósiles lo que 

incrementa los costes de la electricidad; y, las zonas rurales, donde la extensión de la red 

eléctrica es frecuentemente inviable, no disponen de acceso a la electricidad. Además, 

aunque estos entornos contribuyen en menor medida al cambio climático, son los primeros 

en enfrentar sus efectos adversos. 

El objetivo de esta tesis doctoral es el estudio de sistemas aislados de generación 

renovable, con un enfoque diferenciado, para incrementar la penetración renovable en las 

islas y mejorar los niveles de acceso a la electricidad en zonas rurales. Esta investigación se 

enfoca principalmente en las Islas del Océano Pacífico y la región de América Latina, 

respectivamente. Esta tesis demuestra la viabilidad en el uso de tecnologías renovables 

maduras para reducir la vulnerabilidad energética en los contextos antes mencionados, y 

sirve de ejemplo para impulsar iniciativas similares en otras regiones. La tesis se estructura 

como un compendio de artículos conforme la normativa de la Universidad Politécnica de 

Madrid. 

De este modo, en la primera parte de la tesis se presenta el estado del arte de las mini-

redes híbridas renovables en pequeñas islas a través de un análisis comparativo de casos de 

estudio de los océanos Atlántico y Ártico, Pacifico e Índico y los mares Caribe y 

Mediterráneo. En esta revisión se ofrece también una nueva definición de los modelos de 

negocio para la introducción de tecnologías renovables con base a los modelos identificados 

en islas. Los resultados muestran que las islas menos desarrolladas, especialmente del 

Océano Pacífico, necesitan un marco regulatorio efectivo y modelos de negocio innovadores 

para favorecer la implementación de tecnologías renovables, lo que hace también necesario 

reformular el papel de la cooperación internacional. 

En la segunda parte de la tesis, se ha estudiado el caso del sistema híbrido de generación 

Baltra-Santa Cruz en el archipiélago de Galápagos para verificar los hallazgos de la primera 
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etapa de la tesis y proponer un modelo de descarbonización del sistema de generación. Esta 

investigación se ha llevado a cabo con la aplicación de una herramienta para el modelado y 

planificación de sistemas eléctricos, teniendo en cuenta las limitaciones y vulnerabilidades 

de este contexto. Como resultado, se ha determinado que este sistema de generación puede 

incrementar su actual penetración renovable de 18% hasta un 39%, instalando 18.25 MWp 

de capacidad fotovoltaica y 20.68 MWh de baterías, reduciendo así el coste de generación 

de electricidad de 32.06 a 18.95 USc/kWh. Estos resultados mejorarían con una 

implementación paralela de medidas de eficiencia energética. Adicionalmente, en 

consideración al valor ecológico de las islas y para prevenir un posible impacto ambiental 

sobre el entorno debido a la implementación de sistemas centralizados de generación 

renovable, se ha estudiado la factibilidad de la generación distribuida en la isla Santa Cruz. 

Los resultados reflejan que existe un potencial de 18 MWp de solar fotovoltaica en el entorno 

urbano y que su implementación a nivel residencial y comercial podría reducir las facturas 

del servicio eléctrico en más de un 50%. En este sentido, esta tesis también propone una 

combinación de modelos de negocio como subastas y comunidades ciudadanas de energía 

para impulsar la descarbonización de las islas, lo que requiere de un fuerte compromiso 

gubernamental, una regulación eficiente y una amplia conciencia local sobre el uso de la 

energía. 

La tercera parte de esta tesis estudia iniciativas exitosas en la implementación de 

Sistemas Solares Domiciliarios de Tercera Generación (3G-SHSs) en Perú, México y Bolivia. 

La evidencia muestra que la confianza, el compromiso y la flexibilidad son pilares 

fundamentales en la electrificación rural. Además, los resultados revelan que una 

combinación de modelos de negocio de Empresas de Servicios de Energía (fee-for-service), 

Pay-As-You-Go y microfranquicias junto con 3G-SHSs garantiza la sostenibilidad en la 

provisión de la electricidad a la población en la base de la pirámide. El acceso a la 

electricidad debería ser definido como una política de estado para evitar experiencias 

fallidas en este campo, para velar por el bienestar de las personas, atraer financiación 

privada, involucrar a las comunidades locales en proyectos, y para promover la 

implementación de alianzas y tecnologías innovadoras. 

En definitiva, la tesis concluye que la transición energética requiere de un conocimiento 

profundo del contexto para diseñar una combinación de modelos de negocio de manera 

adecuada, establecer acuerdos y promover la cooperación entre distintos actores. Además, 

esta tesis refleja que toda iniciativa en energías renovables debe considerar el nexo entre 

energía, medio ambiente y sociedad como un aspecto central. 
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1 Introduction 
Energy for Sustainable Development 

1.1 Personal Motivation 

Contributing to the energy sector of my country, Ecuador, was one of the main 

motivations to take up my PhD studies. In 2016, with seven years of professional experience 

in the Ecuadorian electric power sector in both public companies and the United Nations 

Development Program (UNDP), I decided to take up PhD studies to strengthen my 

knowledge and capabilities in the renewable energy sector. I firmly believe that science can 

support decision-making in energy planning. So, I decided to focus on the case of the 

Galapagos Islands due to their fragile environment that makes islands a suitable place to 

implement renewable technologies. I worked on the power generation systems of the 

Galapagos Islands when I had the opportunity to be Head of the Planning Directorate of the 

Electricity Company Galapagos ELECGALAPAGOS (2013-2014). I also worked for the 

UNDP as an advisor for the Undersecretary of Renewable Energy and Energy Efficiency at 

the Ministry of Electricity and Renewable Energy, where I was in charge of leading the 

islands' Electrical Planning Committee (2015-2016) to reduce diesel consumption and 

maintain the stability performance of the power systems.  

Given my interest in studying the Galapagos Islands’ generation systems and in 

photovoltaic technology, I applied to study for a PhD in Photovoltaic Solar Energy at the 

Instituto de Energía Solar at the Universidad Politécnica de Madrid, in the Renewable Distributed 

Generation and Intelligent Control (GEDIRCI) research group. At the same time as I was 

looking to strengthen my technical capacities, I was also determined that my PhD thesis 

addresses political, economic, financial, and environmental issues that are not unrelated to 

energy planning. Thus, given that the GEDIRCI research group is working closely with the 

Innovation and Technology for Development Center (itdUPM) on development cooperation 

in energy issues, I could expand the horizon of my work. Thanks to this, I have written a 

thesis that could be very helpful to electrify the most vulnerable contexts such as islands 

and rural areas from developing countries. The results are useful to support the global 

Agenda for Sustainable Development. 

1.2 The 2030 Agenda for Sustainable Development 

1.2.1 Energy as a Sustainable Development Goal 

The true inclusion of the environment in the sustainable development goals began with 

the debate on the emerging post-2015 development agenda [1]. Thanks to the lessons 

learned, the experiences lived and the common interest in improving the living standards 

to solve the problems which the Millennium Development Goals (MDGs) set out. The 

United Nations (UN) came up with a series of initiatives aiming at a future free from poverty 

and where human rights, equality and sustainability are observed [2]. These initiatives 

made up the 17 Sustainable Development Goals (SDGs) of the 2030 Agenda for Sustainable 
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Development, adopted in January 2016 [3]. The SDGs considered the final document of the 

United Nations Conference on Sustainable Development (UNCSD) called “The Future We 

Want”. It emphasized that the reduction in poverty is the biggest world challenge for 

development and the main goal of the Agenda [2,4]. Within this framework, energy is 

recognized as a crucial element to eradicate poverty and to build a sustainable future [5–7].  

This thesis stresses the importance of one of the SDGs: Goal 7: “Ensure access to 

affordable, reliable, sustainable and modern energy for all” [8]. It promotes access to proper 

funding and the provision of safe, affordable, financially viable, socially and 

environmentally acceptable energy services [5]. However, achieving the SDG7 is not, of 

course, an easy task. Energy is the main contributor to climate change with 60% of the total 

global greenhouse gas (GHG) emissions [9]. Furthermore, one-third of the world’s 

population lives in energy poverty [10]. In 2012, the UN launched the Sustainable Energy 

for All (SE4ALL) initiative to support SDG7’s targets. In other words, it was created to 

identify the best patterns to ensure access to modern energy systems; to double the 

renewable energy (RE) share in the global mix; to support energy efficiency (EE); to enhance 

international cooperation; and, to implement sustainable energy systems in developing 

countries, especially, in the least developed and land-locked developing countries, and in 

small islands developing States. In 2013, this organization declared the decade 2014‑2024 as 

the “Decade of Sustainable Energy for All” to promote the use of renewable resources at all 

levels [9,11,12]. Therefore, transforming the way in which energy is produced and 

consumed is fundamental to eradicating poverty, fostering sustainable development, and 

changing the paradigm towards green economies [12]. To accelerate the transition process 

to modern energy systems, SE4ALL highlights how crucial it is to establish synergies 

between multiple actors, sectors and industries [13], which in turn, promotes the design and 

testing of innovative business models, the commitment of different actors, the capacity 

building, and access to public and private funds [14]. In fact, the UN members together with 

private parties and civil society are mobilizing economic resources for the achievement of 

the global Agenda [15]. 

In 2015, during the 21st session of the (COP21) Conference of the Parties of the UN 

Framework Convention on Climate Change (UNFCCC), which responded to the worries 

brought about GHG emissions by 2020, the delegates acknowledged the need to foster the 

universal access to energy in developing countries with the much-needed support of the 

developed countries in the form of funding, technology, and training [16]. The global 

political and institutional commitment embodied by SE4ALL resulted in several 

international initiatives aimed at reducing the number of people who has no access to 

energy [7]. These initiatives were strengthened thanks to the agreements reached during the 

COP21 and ratified in 2016 during the COP22, and were the beginning of a new era of action 

and implementation of measures to combat climate change, as part of the strategies to 

eradicate poverty [17].  

1.2.2 The link between Energy and other Sustainable Development Goals 

According to the 2030 Agenda, working towards the SDG7 requires that it interlinks 

directly or indirectly with other SDGs (see Figure 1.1). Based on this statement, the SDG7 is 

analyzed under three core dimensions: human development, sustainable economic growth, 

and environmental sustainability. Providing energy services by REs supports human 
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development through the improvement in human health and generation of incomes. 

Sustainable energy provision also enables new jobs and industries that facilitate sustainable 

economic growth. Furthermore, RE helps to mitigate the environmental impacts of energy 

consumption [18].  

 

 

Figure 1.1. Links between SDG7 with other SDGs (own elaboration). 

1.2.2.1 SDG7 and Human Development 

The access to basic services such as food, health care, education, and water, as well as, 

the creation of income-generation activities contribute to reducing poverty and improving 

welfare standards [18]. To clarify this relationship, some examples are cited below: 

Access to modern energy services can improve agricultural productivity and 

profitability significantly, which in turn benefits food security (SDG2 (Zero Hunger)) [19]. 

For instance, RE applications in the food supply chain can lead to a reduction in harvest 

losses and/or intensive mechanization agri-processing [18]. Furthermore, access to electric 

appliances can support food preservation, and can even allow communities to acquire a 

greater variety of foods [20]. 

Minimizing pollution through REs can reduce risks to human health (SDG3 (Good 

Health and Well-being)). Around 35% of the global population (2.6 billion people) depends 

on traditional biomass for cooking [21]. In urban areas, people have access to cleaner fuels 

while rural communities still use firewood (dominant fuel), dung, coal, and agricultural 

residues for cooking and even for heating. The combustion of these materials affects 

people’s health and especially those who spend more time at homes such as women, 

children and the elderly [6,22]. Health care provision, medicine, vaccine storage, access to 
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medical equipment, and the dissemination of health information can be also improved 

through access to modern energy. Indirectly, the impact on climate by burning fossil fuels 

also affects human health [18,19]. According to the World Health Organization (WHO), 

diseases can be driven by extreme weather and natural disasters, especially in developing 

countries [23].  

Education is relevant for sustainable development (SDG4 (Quality Education)). For 

raising the quality of education, access to modern lighting allows students to study after 

nightfall, and access to modern information and communication technologies may also 

increase attractiveness for qualified teachers [20]. For instance, in Bangladesh, better school 

performance was reported after electrifying some educational facilities [24].  

Energy services help to reduce the time spent collecting firewood or doing household 

chores, which is usually a women’s or children’s responsibility [25,26]. Using this time to 

carry out other activities may increase incomes in rural communities. In these contexts, 

firewood consumption can vary from 17.4 to 1,526 kWh per month, depending on the use 

of energy such as space heating, water heating, and cooking (2 meals a day) or a combination 

of them [27]. 

Added to the previous statement, to support Gender Equality (SDG5), it is proven that 

access to electric lighting can improve safety for women and can enable opportunities for 

the enrollment of girls at school [19]. Access to electricity supports women’s empowerment 

to set up or manage a business, increasing their incomes and improving their financial self-

sufficiency. Thus, the creation of new jobs led by access to energy is important for women's 

participation in the labor market [28,29]. A prior study focused on India [30] found that 

access to electricity allows women to reallocate their budget time. They can work at night, 

using their daily hours for access to information or leisure activities. Furthermore, most 

women reported dedicating less time to household chores.  

Access to water is key for human development and sustainable growth (SDG6 (Clean 

Water and Sanitation)). RE, for example, can facilitate access to water through the 

installation of solar pumps, reducing expenditures in fossil fuels and guaranteeing the 

reliability of water distribution networks [18]. It is also used for powering electrical devices 

to purify water to allow communities to have access to clean water, which is fit to drink [31]. 

Moreover, competition between power generation and end uses of water can be reduced 

through the deployment of solar photovoltaic (PV) and wind energy [18]. 

1.2.2.2 SDG7 and Sustainable Economic Growth 

This approach is conceived as a convergence between economic growth and the 

decarbonization of development processes. There is a strong relationship between RE and 

the reduction in GHG emissions, while supporting economic growth, improving human 

development and enabling new jobs and industries [18]. 

Access to modern energy technologies helps to alleviate poverty (SDG1 (No Poverty)), 

reducing the dependency on harmful and costly primary energy resources and demanding 

effective policies in monetary and fiscal terms to spread innovation and reinforce local 

employment [19]. Specifically, the fallings costs of RE costs are turning out to be the most 

economical option for rural environments [32]. In terms of Decent Work and Economic 

Growth (SDG8), it is estimated that the RE sector created 9.4 million jobs globally in 2015 

(see Figure 1.2). What is more, doubling the share of RE would increase the global Gross 
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Domestic Product (GDP) up to $1.3 trillion US by 2030. This means approximately 24 million 

new jobs mainly in solar, bioenergy, hydropower, and wind sectors, leading to fuel savings 

of $180 billion US and involving the creation of new markets and export opportunities [33].  

 

Figure 1.2. Progress in RE Jobs [18,33]. 

New jobs would focus principally on the construction and installation of RE systems, 

followed by the production of bioenergy feedstock, manufacturing, and operation and 

maintenance (O&M). The capacity building and skills can vary depending on technology, 

the context, and the segment of the value chain [18]. The modernization of energy 

infrastructure is required to do so (SDG9 (Industry, Innovation, and Infrastructure)). This 

implies making traditional energy infrastructures more efficient and the development of RE 

industries on a large-scale [19]. Within this framework, a large number of coal power plants 

should be phased out of operation early based on robust and strict policies [34]. 

The SDG10 (Inequalities Reduction) is also explained by previous statements, such as 

women’s participation in the energy sector to improve their quality of life and economic 

independence [29]. Furthermore, it is fundamental in the democratization of energy through 

the expansion of programs to meet the energy needs of the poorest, where people have 

opportunities to control the electricity available. In other words, when consumers become 

prosumers as in the case of communities that acquire stand-alone energy systems [35,36]. 

1.2.2.3 SDG7 and Environmental Sustainability 

RE can address the global and local pressure of environmental degradation and climate 

change in a cost-effective manner.  

First, people and polluted-economic activities are concentrated in urban areas, which 

contribute to climate change because of high levels of energy consumption [37]. In that 

sense, RE, efficient transportation technologies, and urban infrastructure can foster urban 
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sustainability by reducing noise and improving air quality (SDG11 (Sustainable Cities and 

Communities)). Similarly, most disadvantaged communities such as rural areas also require 

modern energy infrastructures for better living conditions [19]. The previous statement also 

corresponds to the SDG12 goal (Responsible Consumption and Production), where a 

generalized awareness about the use of energy, recycling, and natural resource protection 

is needed. Here, the circular economy is becoming an imperative pathway towards global 

sustainability [38].  

The electric power sector alone emits 40% of the global CO2 emissions. To reduce the 

impact on the environment, thus, RE offers the lowest lifetime emissions per kWh compared 

to conventional energy systems (SDG13 (Climate Action)) [18]. According to the scenarios 

predicted by the International Energy Agency (IEA), CO2 emissions would fall from the 

current 33 billion tons to less than 10 billion by 2050 as long as the electric power sector 

fulfills the Paris Agreement, limiting the global temperature to rise below 2°C [39]. Reducing 

CO2 emissions through RE technologies can also lead to lower rates of ocean acidification 

and in a reduction in oil spill risks by maritime transportation (SDG14 (Life below Water)) 

[19]. Aligned to this, the design of RE projects according to local conditions can avoid 

negative effects on biodiversity and ecosystems (SDG15 (Life and Land)). Moreover, using 

REs to replace traditional biomass can also reduce the levels of deforestation and pollution 

since firewood, which is the main source of energy for the poorest, represents 6% of global 

deforestation (this is also aggravated by the intensive use of land for cultivation and 

livestock) [6,18].  

The SDG16 (Peace, Justice and Strong Institutions) aims to decrease inequalities 

between societies and communities, and among countries. Implicitly, access to electricity is 

well-established as a human right as part of pre-existing rights such as non-discrimination, 

housing, health, quality standards of living, and sustainable development. Explicitly, when 

the energy sector involves women and avoids discrimination. “Recognizing a human right 

consequently acknowledges an issue's significance, defines an individual entitlement, accelerates 

improved access, more accurately targets vulnerable groups, and focuses UN human rights 

monitoring mechanisms upon both governments and other actors” [40]. Other ways of avoiding 

discrimination involve guaranteeing the participation of communities in decision-making 

processes and taking local culture into consideration in the design of RE projects [10]. Lastly, 

the SDG17 (Partnerships) is considered the best way to achieve the SDG7. The 2030 Agenda 

gives importance to enabling new types of partnership among multiple actors at all levels. 

In fact, building reliable policies, business models, and strategies based on a wider scope of 

expertise and exchange of experiences can mobilize capital investment for supporting 

sustainable energy for all [41].   

Based on the review of the literature, beyond affordable and clean energy access, SDG7 

can positively support the achievement of the general Agenda incorporating well-being, 

livelihood, health, nutrition, equality, sustainable economic growth, and environmental 

sustainability. Thus, holistic solutions are needed, in which RE is fundamental for 

development, and people and the environment are at the center of decision-making. 
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1.2.3 Progress in Achieving the SDG7 

The world is making progress in achieving the SDG7 but there are differences between 

their targets. These differences are linked to the conditions of the countries and contexts, 

related to policies, funding, culture, location, society implication and others. Explanations 

about the progress of access to energy and modern energy services, RE share, and energy 

efficiency are given below.  

1.2.3.1 Access to Energy and Modern Energy Services 

The rate of electrification has increased from 83% in 2010 to 89% in 2017. This means 

that, around the world, the number of people without access to electricity dropped from 1.2 

billion in 2010 to 840 million in 2017. Success has been mainly achieved by Central and 

Southern Asia (91% of access to electricity in 2017), while Sub-Saharan Africa has the lowest 

level of access with only 44% [42]. These biggest differences are related to two key 

dimensions: geographic location and household incomes [43,44]. But in addition to that, in 

Sub-Saharan Africa, this is also linked to the lack of government effectiveness and 

leadership in providing access to electricity. Furthermore, large energy infrastructures 

remain in competition with rural energy solutions because of their economic inefficiency for 

public and private providers [44]. Latin America, the Caribbean, and Eastern and South-

eastern Asia have achieved 98% of electricity access [42]. As a rule, families from a poor 

country have fewer opportunities to have access to electricity than families with the same 

income levels living in a richer country [45]. Figure 1.3 presents the distribution of the 

population without access to electricity around the world in 2018. 

 

Figure 1.3. Population without access to electricity (million people) (2018) [21].  

In a second level, urban electrification is becoming stagnated because of an increasing 

urban population and inequalities, urban citizens are living in inner cities and informal 

settlements where weak distribution networks are deployed. Even though rural 

electrification, with an access rate of 79% is advancing quicker than urban electrification (an 

access rate of 97%), 732 million rural people represent 87% of the global deficit [25].   
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In Latin America, 12 million people, who still lack access to electricity, live in extreme 

poverty with less than $1.90 US per day and mainly in the hardest-to-reach rural areas such 

as in the Andes and Amazonia [25,46]. Present and future challenges remain in making the 

electricity service affordable and reliable. For instance, an electricity consumption of 30 

kWh/month has still higher costs, more than 5% ($4.50 US) of the poorest families’ incomes 

[25].  

Based on the Multi-tier matrix for access to a household electricity supply arranged by 

peak power of typical appliances (see Table 1.1) [47], to meet the gap in electricity access up 

to 2030, $1.5 billion per year would be necessary to power a few light bulbs and charge a 

mobile phone at Tier 1, whereas $50 billion US per year would support the connection of 

very high power during 24 hours x 7 days at Tier 5 (grid power) [42].  

Table 1.1. Multi-tier matrix for access to household electricity supply [47]. 

  TIER 0 TIER 1 TIER 2 TIER 3 TIER 4 TIER 5 

Tier 

criteria 

Not 

applicable 

Task lighting General lighting Tier 2 AND Any 

medium-power 

appliances 

Tier 3 AND   

Any high-power 

appliances 

Tier 3 AND Any 

very high-power 

appliances 

Phone charging Television 

  Fan (if needed) 

 

Moving forward universal energy access is not only possible by grid extension, which 

demands large upfront investments. In that way, private investment is required in an 

appropriate business environment, supplemented by effective regulations, incentives, and 

affordable financing. Additionally, the participation of local government and communities 

are also necessary for the successful design of the energy business within the framework of 

the global Agenda [42].   

In the same line, more efficient and cleaner biomass fuels are rising, especially, in rural 

areas. In 2010, there were 2.96 billion people without access to clean cooking solutions, but 

this value has only dropped to 2.6 billion people in 2018 (see Figure 1.4). Although 

Developing Asia allocates 65% of the population without access to clean cooking, Central 

and Southern Asia had an average annual increase of 1.2 percentage points of this 

technology from 2010 to 2017. Great progress has been achieved mainly by India and China 

due to liquefied petroleum gas (LPG) programs and clean air regulations. Latin America 

remains at a constant rate of 88% which means a minimum increase of 0.4 percentage points 

between 2010 and 2017. In Sub-Saharan Africa, it was only an increase of 0.3 percentage 

points. Here, the progress is negligible as regards the current global population growth and 

weak actions. Thus, only 17% of the total population has access to clean cooking. Globally, 

there are also differences between the level of access to this technology between urban and 

rural areas: 83% and 34%, respectively [21,25]. Successful programs for providing access to 

clean cooking solutions have addressed behavioral and cultural patterns and regional 

differences [48]. Nevertheless, the general progress is not enough when air pollution 

resulting from cooking smoke is still linked to 2.5 million premature deaths every year [21].  
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Figure 1.4. Population without access to clean cooking (million people) (2018) [21].  

In this regard, scholars analyze the feasibility in the introduction of well-adopted 

technologies, for example, in China and India, to reduce the effects of cooking smoke on 

health, as well as ensuring the affordability of this technology. Lombardi et al. [49] figured 

out that the Levelized Cost for Cooking a Meal (LCCM) is between $0.16 to $0.70 US/meal, 

which is associated with different cooking technologies and habits. The authors concluded 

that environmental and health drawbacks and affordable access to cooking could be solved 

through the adoption of efficient electric cooking based on renewable micro-grids rather 

than the use of LPG-fueled stoves or even a simple standalone PV-battery system. This 

would also help women and children reduce the time spent (10 hours per week) in gathering 

firewood [25]. Moreover, the transition to modern cooking technologies and fuels, for 

example, in Sub-Saharan Africa, would save up to 485 million tons of firewood and reduce 

the emission of 340 Mt of CO2, and above all, it would save lives of 100 thousand children. 

By 2030, between 600 and 890 people would have lived without access to clean solutions if 

there were an absence of coordinated actions and effective policies to address the current 

gaps in phasing out the use of traditional biomass. To solve it, an annual investment of $1.7 

million US would be required [50]. Hence, governments should pursue sustainable cooking 

solutions, building strict policies to reduce the kerosene and biomass trade, to combine end-

user priorities with environmental and health concerns, to consider social and gender gaps, 

and to make the technology affordable and acceptable for communities, ensuring its global 

distribution [25,48,50,51]. 

1.2.3.2 Renewable Energy in the Global Energy Mix 

RE resources are harnessed by three uses of energy (electricity, transport, and heat) 

directly or indirectly. The global RE share of the total final energy consumption, which is 

the main indicator to assess the progress of the SDG7, has increased up to 11% in 2018 and 

it is envisaged to increase to 15% by 2030. Worldwide, hydro, wind and solar PV usage have 

increased by 56% since 2000. For electricity generation, solar PV alone represents almost 

one-third of the growth rate in the last three years. Bioenergy accounts for 50% of the use of 
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energy, especially, in transport and heat. Adopting RE share in the energy mix depends on 

various factors such as the availability of resources, energy policies, and the application of 

energy efficiency means [21,25]. Currently, 169 countries have already embraced RE 

policies, and continue to increase their RE targets [52]. Among countries considered as major 

consumers of energy, China is the largest consumer of RE resources [25] and the biggest 

investor country in RE with $20.6 trillion US in the last decade [53]. India, Indonesia, 

Nigeria, Pakistan, and Brazil have the highest RE share due to the fact of the large 

consumption of traditional biomass, while Canada is characterized by hydropower 

harnessing. In Sub-Saharan Africa, solid biomass is largely consumed by the residential 

sector. On the other hand, in Latin America and the Caribbean, 30% of the RE share 

corresponds to hydroelectricity generation and bioenergy use in industry and transport 

sectors [25]. It is worth mentioning that this region has the highest RE targets for electricity 

generation, which are being supported by competitive bidding processes [54]. Figure 1.5 

details the modern RE share in the total final consumption around the world in 2017. 

 

Figure 1.5. Modern renewable energy share in total final consumption (%) (2017) [21]. 

Focusing on electricity generation, the growth rate of RE energy consumption has 

reached 8% in 2016. This is explained by the recovery of Latin America from critical 

droughts. For instance, Brazil has an increasing hydropower generation, whose growth rate 

was 3.5% in 2016 [25]. Additionally, as mentioned before, China is the global leader in RE 

investments [53]. This country had a record-level wind capacity in operation in 2016. 

Furthermore, solar PV grew by 30% in both China and the United States between 2015 and 

2016 [25]. In 2018 alone, the total installed RE capacity worldwide was 165 GW (excluding 

large hydro) [52]. The Middle East and Africa invested $16.8 million US in 45 GW of RE in 

2018, the highest ever, while Latin America invested $12.1 billion US in the same year [53]. 
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1.2.3.3 Improvement in Energy Efficiency 

Energy intensity is defined as the global primary energy consumption per unit of GDP. 

This indicator has improved/decreased from 5.9 MJ/US in 2010 to 5.1 MJ/US in 2016. 

However, to support the SDG7, an annual average improvement of 2.7% in energy efficiency 

per year is still required until 2030. In this period, Eastern and Southeastern Asia presented 

an annual average improvement of 3.4%, whereas Central and Southern Asia has improved 

by 2.5% per year. Here, policies have focused on establishing a link between energy 

efficiency actions and economic growth. On the other hand, Oceania, North America and 

Europe, and Latin America and Africa have shown improvements below the global rate and 

lagging rates, respectively. Economic structure, energy supply, and access to energy remain 

the reasons for these significant differences among regions. In terms of CO2 emissions, 300 

million tons were avoided [25]. 

More efficient industry, passenger transport, and services sectors have contributed to 

this improvement because of advances in technologies, while the residential and 

agricultural sectors have presented a minimum improvement of 1% between 2010 and 2016. 

Likewise, the electric power sector has contributed to an average efficiency of electricity 

generation of 40% due to more efficient coal-fired and gas-fired power plants, especially, in 

China and India. Moreover, meeting gaps in energy access has allowed transmission 

networks to be improved to reduce energy losses, particularly, in the largest generation 

countries [25]. Nevertheless, in 2018, the IEA reported a slowdown in improvement in 

primary energy efficiency, which means a rate of only 1.2%. This is equivalent to only $1.6 

trillion US regarding GDP, which could have been $4 trillion US if case efforts had followed 

the recommended tendency of 2.7% [55].  

1.2.3.4 What is still necessary for Supporting the SDG7? 

In spite of the efforts to achieve the SDG7, there are still 840 million and 2.6 billion 

people without access to electricity and to clean cooking solutions, respectively, there is only 

11% of RE penetration in the global mix, and there was a minimum improvement of 1.2% in 

energy intensity in 2018. Indeed, the UN High-Level Political Forum recognizes that the 

world’s energy systems transformation is below expectations and commitments [48]. 

Several aspects should be reinforced to support not only the SDG7 but also the global 

Agenda. For clear guidance in the energy transition, political will and long-energy planning 

are still required to capitalize on new RE investments by the private sector [25]. Partnerships 

and the effectiveness of business models should be also strengthened, where civil society 

should be part of the decision-making process as a reflection of energy justice [10,48,56]. 

Providing fiscal and financial incentives stands out as a need for mobilizing economic 

resources. Similarly, gender concerns should be emphasized in energy and climate actions, 

as well as, in the promotion of energy services for productive purposes. Lastly, affordability 

is still claimed as a crucial aspect to spread RE technologies and clean cooking solutions [48].  

Within the framework of the SDG7, policies ought to take into account the particular 

needs of each context [10]. Nevertheless, four years after the COP21, in 2019, it was clear 

that aligning the geopolitical context of 195 countries remains a challenge, which delays the 

achievement of the global targets. Added to this, from 2017 up to now, there has been an 

increase of around 11% in global subsidies for the use of fossil fuels, and the lobbying 
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organization of the sector has spent hundreds of dollars to block climate change policies 

[52]. This has also impeded the reaching of an agreement for an international carbon market. 

Furthermore, most of the developing countries, for example, from the Latin America region, 

have embodied commitments to introduce only large RE capacities for a grid-connected 

mode in their Intended Nationally Determined Contributions (NDCs) [57], and specific 

targets to link energy access to climate change mitigation actions are still lacking. Under this 

scenario, in COP25, governments were called to implement strict changes in current climate 

policies, which demands the imperative decarbonization of the energy sector, the presence 

of the scientific sector to guide decision-making, and a clear pathway for new investments 

[58], where a holistic outlook is also required. 

 The political landscape, which has only focused on technical aspects and overlooked 

the socio-economic factor, should consider society, institutions, financing, ownership 

structures and the global economy [59]. Special attention is mainly required for vulnerable 

communities, which are exposed to more challenging situations because of their location 

and level of incomes. In those contexts, channeling resources for clean technologies is a 

latent need [48]. There are suboptimal energy policies and regulations for allocating 

investments, institutional cooperation, and human resources [56].  

1.3 The Largest Challenges of the Energy Sector in the Most 

Vulnerable Contexts 

  The concept of vulnerability has been studied to understand how it is the context’s 

performance against social and environmental changes in several fields [60]. The truth is 

that the understanding of vulnerability varies depending on the area of knowledge. For 

instance, from a social point of view, Zarowsky et al. [61] concluded that social inequalities 

are based on three dimensions of vulnerability: wellbeing, degree of exposure to risk, and 

the capacity to face risks effectively. From an economic perspective, vulnerability is defined 

as the risk of a poor country to natural shocks (natural disasters, e.g., earthquakes, volcanic 

eruptions, floods, and droughts) and exogenous economic shocks (price volatility, 

international fluctuations of interest rates, slumps in external demand, etc.), which, in turn, 

hamper economic growth [62]. Eco-environmental scientists observed that vulnerability is 

reflected as the current status of eco-environment due to natural and human disturbances, 

which are exacerbated by climate change [63]. From the energy sector and forged by the 

2030 Agenda, energy vulnerability is defined as the major challenge that threatens the 

economy, the environment, and society of countries worldwide including island states [64]. 

Here, access to energy is recognized as a key issue of energy vulnerability, where countries 

with a low level of energy access or strong dependency on imported fossil fuels are more 

vulnerable than others (energy producing countries) [65]. There are other endogenous 

shocks generated by political changes or political instability [62], or by a domestic economic 

decline that generates political vulnerability [66]. Vulnerability is the result of inequalities 

among diverse groups of people within a space. Therefore, to minimize its effects on the 

contexts, a comprehensive understanding of the factors that influence it together with local 

social, economic, environmental, and political conditions is required [60]. Based on these 
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statements and given that the 2030 Agenda leads to focusing the efforts on the most 

vulnerable countries, including island states, the area of discussion is concentrated on the 

provision of electricity on both small islands and in rural areas from developing countries.  

Small islands, so-called because of their population, area or GDP, have a series of 

disadvantages due to their sizes such as their dependence on the external market and the 

lack of natural resources [67,68]. These contexts are more economically vulnerable than 

other countries with large areas of land (see Figure 1.6). This is reflected by their high degree 

of susceptibility to external economic impacts related to economic openness, the 

concentration of exports, and dependency on strategic imported products. The first inherent 

characteristic is conditioned by the size of the economic market which affects exports in 

terms of GDP and local resources to provide goods and services. This aspect is exacerbated 

by the lack of economic diversification or export concentrations and the high level of energy 

imports [69]. Economic vulnerability is also linked to environmental issues resulting from 

the islands’ tendency to suffer natural hazards that impact on human and biophysical 

systems [70–72]. Small islands are mainly located in tropical and subtropical zones exposed 

to volcanic activity, earthquakes, tsunamis, cyclones, heavy floods and droughts and the 

effects of climate change –erosion, floods, and salinization of freshwater sources and 

productive land– [71,72]. On many islands, rainwater is the main source of water for human 

consumption, and soils are used to feed animals and grow food [67]. Economically, 

agriculture, fishing and tourism are the most vulnerable sectors affected by the 

environmental vulnerabilities of islands and climate change [71]. In contrast, intensive 

fishing, agriculture and livestock –causes of an extensive erosion of farmlands–, and 

tourism, or other economic activities can negatively impact islands’ ecosystems [67,73]. 

Furthermore, for islands, the dependency of imported fossil-fuels and isolation of energy 

markets make it difficult to guarantee an energy supply. Even though islands are not the 

mainly responsible for climate change, these territories are the first ones that paradoxically 

experience its negative effects. All of these situations highlight how important it is to reduce 

the islands’ dependency on conventional fuels and upgrade energy governance. 

Interestingly, their vulnerabilities such as remoteness and size and the potential flexibility 

of their policies make islands very adaptable to change unlike context with monolithic 

governance. Thus, the evolution of the island’s energy systems can be an excellent example 

of innovation for on-grid large applications [10,74].  
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Figure 1.6. Map of small islands with a population of between 1,000 to 100,000 inhabitants 

[75]. 

Likewise, rural areas are characterized by a low population density and a certain degree 

of inaccessibility –extreme in many communities–, distancing from economic centers with 

low levels of consumption per inhabitant (see Figure 1.7) [76,77]. Added to this, there are 

fewer possibilities for employment, and agriculture is still the major economic activity. 

These areas are affected by the rural-urban migration of young people, which generates a 

demographic imbalance and leaves the older population in a vulnerable situation [76]. Here, 

social vulnerability is also linked to a high level of illiteracy, lack of occupation beyond 

activities in primary economic sectors, less diversified sources of incomes and poor access 

to climate change information. Considering environmental vulnerability, these areas 

experience climate change impacts such as irregular rainfalls, a reduction in productive 

areas, shifts in harvesting seasons, and intensive droughts, which require an enhancement 

in adaptation means by policy-makers [78]. There is also a lack of access to services such as 

drinking water, sanitation, telecommunications, and electricity. The interdependence of the 

aforementioned factors exacerbates rural vulnerabilities, making it unprofitable to provide 

rural areas with an affordable and reliable electrical service. As a rule, many rural 

communities cannot afford to extend electricity networks or acquire diesel generators to 

have access to electrical services. Therefore, the use of RE technologies offers a solution to 

implement resilient energy systems, interlinking them with affordability and quality [77,79]. 
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Figure 1.7. A rural solar user from Cajamarca, Peru. Photo: Miguel A. Egido Aguilera.  

For both small islands and rural areas, energy is a key aspect for addressing 

vulnerability, which is positively correlated to GDP per capita and an improvement in the 

lifestyle of the population [65,69,71]. From the energy sector, this could be achieved by more 

resilient energy systems through the reduction in consumption of imported energy 

resources where RE technologies have a role to play. However and beyond the introduction 

of environmentally friendly technology, solutions should be structured holistically 

considering a collaboration of society, economics and governance issues. For a convincing 

value proposition, a mix of technologies, costs and funding, responsibilities of different 

partners in management, and O&M should be analyzed and discussed [80], and for the 

purpose of this PhD thesis, the focus is on off-grid generation systems. 

1.4 Current Status of Renewable Energy Technologies for Addressing 

the Challenges 

Awareness of climate change and related policies has reduced international renewable 

energy prices, and breakthroughs in RE technologies are driving the introduction of large 

capacities around the world. Thus, the status of the market of RE and storage energy 

technologies is described in this section to understand how improvements at all levels, 

including prices, can address development barriers in the most vulnerable contexts. 

1.4.1 The Market for Renewable Energy Generation Technologies 

In 2018, the globally installed RE capacity was 2,378 GW, which has increased by 8% 

compared to 2017, requiring an investment of $289 billion US. From additions of renewable 

power (181 GW), solar PV represented 55% with 100 GW, followed by wind (28%) and 

hydro (11%), new capacities of fossil fuel and nuclear power plants have been outpaced [52]. 

Solar PV has been the technology with the greatest increase, 20% between 2017 and 2018. 
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From the total capacity, 8.8 GW corresponded to off-grid installations divided into 764 MW 

of hydropower, 3 GW of solar PV, and 5.1 GW of other renewables [81]. New investments 

are more concentrated on large wind and PV plants, both grid-connected, due to falling 

costs of manufacturing [52,82]. On the other hand, geothermal, offshore wind and 

concentrating solar power are deployed less and even in a development phase, and their 

weighted-average electricity costs are in the top half of the fossil-fuel cost range [83]. Table 

1.2 details the renewable power installed globally per technology.  

Table 1.2. Global renewable energy capacity [52]. 

Power Unit 2017 2018 
Growth rate 

2017-2018 

Renewable power capacity (including 

hydropower) 
GW 2,197 2,378 8% 

Renewable power capacity (not including 

hydropower) 
GW 1,081 1,246 13% 

Hydro GW 1,112 1,132 2% 

Wind GW 540 591 9% 

Solar PV GW 405 505 20% 

Bio-power GW 121 130 7% 

Geothermal GW 12.8 13.3 4% 

Concentrating solar thermal power (CSP) GW 4.9 5.5 11% 

Ocean power capacity GW 0.5 0.5 0% 

 

According to Figure 1.8 which details RE investments by region in 2018, developed 

countries invested $136.1 billion US, which means 11% of more investment than in 2017. 

Developing countries invested $61.6 billion US with a significant participation of countries 

in Asia, Eastern Europe, the Middle East and Africa. Although China invested $91.2 billion 

US billion in this year, this represented a decrease of 37% compared to 2017 [52]. 
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Figure 1.8. Renewable energy investments in developed, emerging and developing 

countries [52]. 

Given that most of the investments are concentrated in mature RE technologies such as 

wind, PV and bioenergy, their market status, including hydro energy, is described in the 

following sections. 

1.4.1.1 Hydropower 

The hydropower market presents a stability performance with higher industry 

competition and growing demand for energy storage. In 2018 alone, the total installed 

capacity achieved 1,132 GW. In this year, it was noted that more of the half of the 

installations required repairs and modernization. China led the total hydro installations 

with more than 35% of the total capacity, followed by Brazil, Pakistan, and Turkey. All of 

these countries together installed approximately 1 GW [52].  

Hydropower is a site-specific technology. The global weighted-average installed cost of 

hydropower decreased by 16% compared to 2017, this means an installation cost of $1,492 

US/kW in 2018. The Levelized Cost of Electricity (LCOE) also declined to $4.7 USc/kWh in 

2018, but increased by 29% compared to 2010 ($3.6 USc/kWh). It is difficult to determine the 

exact reasons, but in Asia (excluding China and India), the increase in cost is explained by 

the remote location of projects where there are more challenging (geological) conditions to 

connect new capacities to the grid, increasing logistical costs [83].  

1.4.1.2 Wind 

The wind industry is part of a competitive supply chain with a rising interest in offshore 

installations. In 2018, there was an additional wind power of 51 GW. Asia was the largest 

installer with 52% of the total capacity. In the offshore segment, two Asian countries 

together with seven European countries connected 4.5 GW. Wind technology is in a process 

of constant improvement which implies larger turbines, more efficiency, better outputs, and 
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lower LCOE of wind energy production. However, the largest challenge persists in weak 

mechanisms (tenders) to facilitate wind deployment [52].  

The global average cost of onshore wind investment has declined from $1,900 US/kW 

in 2010 to $1,500 US/kW in 2018. The reason is the reduction in the cost of wind turbines and 

the projects’ balance costs. Wind turbines currently cost between $790 US and 900 US/kW 

depending on their size. There are differences between countries, in China, the installed cost 

was $1,170 US/kW, and in India, it was $1,200 US/kW, while in the United States and the 

United Kingdom, it was $1,660 US/kW and $2,030 US/kW, respectively. Then, the average 

LCOE was 5.6 USc/kWh in 2018. As regards offshore wind farms, investment costs have 

decreased from $4,572 US to $4,353 US/kW in the last eight years, but these are still high to 

support wide implementation [83]. 

1.4.1.3 Photovoltaics 

Photovoltaics is the most dynamic market, fostered by growing emerging markets. In 

2018, solar PV increased in 100 GW due to installations in the European Union, Mexico, the 

Middle East and Africa. This new capacity compensated the slowdown suffered by China 

because of its policy changes to reduce PV costs and to address challenges related to grid 

integration. The increasing economic interest in distributed generation is also remarkable at 

residential and commercial levels. Given the strong political support for distributed energy 

in Europe, the United States and Japan, small installations reached 41 GW in 2018. This 

market is expected to keep growing in the following five years, especially, in China, and in 

the European Union, the United States, India, Japan, Latin America and the Middle East 

[84]. 

The average PV investment cost decreased by 75% from 2010 to 2018, which results in 

$1,210 US/kW of a current investment price regarding large power plants. This is because of 

the reduction in the cost of crystalline silicon panels. For instance, in Europe, benchmark 

prices were between $216 US/kW for low-cost manufactures and $400 US/kW for high-

efficiency modules. The Chinese and Italian markets are the most competitive with $879 and 

$870 US/kW for turnkey projects, respectively, while Japan presents the highest one with 

$2,101 US/kW. Then, the average LCOE was approximately 8.5 USc/kWh in 2018 [83]. 

Considering small PV installations (distributed generation), investment costs depend on the 

local regulation framework, the size of the market and the market segmentation. For 

example, in China, the PV installation cost for residential users ranges from between $780 

US to $850 US/kW, while in Japan, the cost reaches $2,370 US/kW [85]. In global average 

terms, the installation cost of distributed generation is $1,432 US/kW [83].  

1.4.1.4 Bioenergy 

Bioenergy encompasses a wide range of technologies as power generation options 

where there are agricultural and forestry material as low-cost fuel. Furthermore, there are 

emerging technologies to support cost reductions in electricity generation such as biomass 

gasification [83]. In 2018, 9 GW of bioenergy capacity was installed globally. The leader in 

bioelectricity generation is China, followed by the United States, Brazil, India, and Germany. 

Whereas the United States and Brazil are leaders in biofuel production, which made up 69% 

of the total production in 2018 [52].  
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The worldwide average-weighted investment cost of bioenergy fell from $2.850 US/kW 

in 2017 to $2,100 US/kW in 2018. However, technology costs remain higher in the United 

States and Europe. Developing economies of scale has been possible in China and India due 

to the number of bio-energy installations, with a smaller capacity than conventional thermal 

power plants. In this year, the global average LCOE was 6.2 USc/kWh, 14% lower than in 

2017 [83]. 

1.4.2 The Market for Storage Systems 

The electricity storage market is a crucial player in the energy transition to double the 

overall rate of renewable energy in the mix. In this section, the status of pumped storage 

systems, flywheels, electrochemical batteries and hydrogen storage is presented. 

1.4.2.1 Pumped Storage System 

As regards pumped storage, the large-scale energy storage system by far, has reached 

an installed capacity of 160 GW or an energy storage value of 9,000 GWh, increasing by 1.9 

GW (mainly in China, Austria, and the United States) in the last year [52,86]. Pumped 

storage is being optimized to incorporate variable renewables and to facilitate fast response, 

ensuring the stability of power systems [52]. This technology is expected to increase by 23 

GW in 2023 [86]. The main advantages of pumped storage are high technical maturity and 

wide operational experience, low self-discharge, a large volume of storage and long storage 

periods, low storage costs, and high dispatch on demand. Furthermore, its energy efficiency 

is between 70% and 87%, making it one of the most effective ways to store energy. Among 

its disadvantages are low storage density, geographic restrictions and environmental 

concerns, and high initial investments. The market for pumped storage is not increasing at 

all, except for novel concepts. Thus, civil engineering techniques should be improved to take 

into consideration environmental concerns [87–89]. The average installation cost is $593 

US/kW, while the storage cost is 77 US/kWh [90]. 

1.4.2.2 Flywheels 

These fast-responding mechanical storage systems are considered a mature technology, 

environmentally friendly, with high lifetime, power density and efficiency (over 85%), with 

wide operating experience and low maintenance requirement. Nevertheless, this technology 

has high self-discharge rates and low energy density. This system is suitable for applications 

that require a short- or medium-term energy storage system [87,90,91]. The average cost of 

installation is $326 US/kW [90]. The total installed capacity of this technology has increased 

by only 8% from 2013 to 2015, this means a current capacity of 120 MW [92]. This could be 

explained by the limited applicability of the technology and energy installation costs, which 

are between $1,500 US to $6,000 US/kWh. However, these are expected to decrease between 

$1,000 US to $3,900 US/kWh [87]. 
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1.4.2.3 Battery Storage Systems 

Electrochemical battery systems can ensure the stable performance of the transmission 

networks and defer new investments in infrastructures. These technologies, particularly 

lead-acid and lithium batteries, are suitable for increasing the levels of electricity access 

through solar home systems (SHSs) and guaranteeing the stability of services through mini-

grids in remote locations such as small islands and rural areas. The utility-scale market 

would increase from 10 GWh (2 GW) in mid-2017 to 45 GWh or 75 GWh in 2030 [87,92]. 

Lead-acid batteries, with a wide range of applications especially in micro-grids and 

isolated systems, are used to guarantee and uninterruptible power service, power quality 

and spinning reserve [87]. Although this technology is the least costly among energy storage 

systems, its cost differs according to the design, duty cycle and lifetime [90]. Lead-acid 

batteries have low self-discharge rates of between 0.09% to 0.4% a day, low energy density 

(50 Wh/kg), and a lifetime of between three to 15 years. These systems are expected to 

double their cycle life from 250 to 2,500 full cycles in 2016 to 540 to 5,375 full cycles in 2030. 

Similarly, lead-acid installation costs are expected to decrease from $150–475 US/kWh in 

2016 to $50–240 US/kWh in 2030 [87].   

Lithium batteries, more commonly used in portable applications, present a series of 

advantages to lead-acid batteries such as higher energy density (200 Wh/kg), a lifetime of 

10,000 cycles and high efficiency (0.85–0.90). This technology is being optimized by the use 

of new materials, the reduction in manufacturing costs, the increase of lifetime and the 

improvement in safety parameters [90]. The costs of lithium batteries range from between 

$473 and 1,260 US/kWh for lithium titanate batteries and between $200 and 840 US/kWh for 

other lithium battery chemistries [87]. These batteries are currently the most widespread 

technology installed [92]. 

1.4.2.4 Hydrogen Storage 

This system for long-term energy storage consists of the major components of an 

electrolyzer, hydrogen storage tank, and a fuel cell system. The renewable energy surplus 

is directed to the electrolyzer to produce hydrogen by electrolyzing water into hydrogen 

and oxygen. The storage tank allocates the hydrogen and when the renewable electricity 

generation is limited to supply the demand, the fuel cell system harnesses the stored 

hydrogen to generate electricity [93]. It is worth mentioning that electrolyzers are widely 

used in the industrial sector for vehicle fuelling, hydrogen injection into the gas grid, using 

hydrogen as a cleaner input for industrial processes, electricity storage, and synthetic fuel 

manufacturing. The electrolyzer capacity reached 25 MW in 2019. Furthermore, in 2020, a 

project of 10 MW started its operation in Japan, while 20 MW are under implementation in 

Canada [94].  

Hydrogen storage is considered a promising technology due to its high energy density 

(can be pressurized and stored in 200 bar), requiring smaller energy reservoirs compared to 

pumped hydro. However, its low efficiency and high costs are the main barriers for grid-

scale applications. The capital cost of solid-oxid electrolysis (98% of efficiency) is 

approximately $600 US/kW, while alkaline electrolysis presents a capital cost of $1,500/kW 

and efficiency between 43 and 66%. The storage costs mainly depend on the infrastructure. 
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For instance, 15 USc/kWh corresponds to an aboveground installation, whereas for 

underground caverns the costs range from 2 USc to 49 USc/kWh [90]. 

Given the cheaper costs and more efficient RE technologies, in the most vulnerable 

contexts, decision-makers and other stakeholders should take into account this positive 

scenario to accelerate the transition process, even more, when access to energy and making 

energy service more affordable allows a better lifestyle and reduction in poverty to be 

guaranteed.  

1.5 Off-grid Renewable Energy Solutions for Remote Locations 

In previous sections, it has been verified how important energy is for human 

development, sustainable economic growth, and environmental sustainability. This 

becomes more relevant in contexts with low possibilities of development whose markets are 

conditioned by size and their remote location as in the case of small islands and rural 

communities. The former are isolated geographically, while the latter suffer more from the 

lack of access to energy [95]. Globally, there are 1,785 small islands worldwide whose 

population is between 1,000 and 100,000 inhabitants (see Figure 1.6) [75]. In general, their 

power generation systems are non-interconnected with the mainland and consist of diesel 

power plants [96,97], which impact on electricity costs and the reliability of the electricity 

supply particularly while facing extreme changes in climate [96]. However, thanks to the 

renewable resources available in these territories, it is possible to reduce diesel consumption 

to accelerate the energy transition, especially through hybrid power systems. On the other 

hand, 840 million people lack access to electricity [42]. Rural electrification has been 

characterized by politicized and bureaucratic processes, mainly dependent on centralized 

grid extensions [98]. However, most of this population lives on low incomes and in remote 

rural locations (see Figure 1.7), where providing electricity by grid extension is technically 

infeasible and economically unprofitable. Indeed, having access to electricity has 

represented the installation of diesel generators for rural communities, which makes 

families’ economy vulnerable to the volatility of fuel prices [87]. 

Therefore, for both small islands and rural communities, there is a big opportunity to 

address energy challenges regarding current RE prices and technological progress. Off-grid 

systems based on renewable technologies are the least expensive way of providing access to 

electricity and making it affordable for the population in remote and rural areas [21,99]. Two 

renewable off-grid technologies: stand-alone PV systems and mini-grids (hybrid and only 

renewable) are crucial in helping to deliver a reliable and affordable service to vulnerable 

locations, especially, in African countries [21]. Both energy systems are advantageous 

because of their rapid deployment and scalability to reach isolated populations. Off-grid 

systems supply a wide range of energy demand through different configurations and sizes, 

from solar lights to SHSs or large stand-alone solar systems to renewable mini-grids [48].  

Table 1.3 offers a categorization of off-grid systems. Stand-alone systems tend to be 

small and involve SHSs without possibilities to grid connection, small wind turbines and 

solar lighting systems. Pico, nano, micro, and renewable mini-grids or hybrid mini-grids 

can operate in island mode as well as the connected to the grid. Additionally, there are off-

grid systems for productive purposes such as telephone towers, water pumps (wind or PV 

driven) and street lighting [100]. 
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Table 1.3. Categorization of off-grid applications [100]. 

  Stand-alone Grids 

  DC AC AD/DC AC 

System 
Solar 

lighting kits 

DC Solar Home 

Systems 

AC Solar Home 

Systems; single 

facility AC systems 

Nano-grid 

Pico-grid 

Micro-grid 

Mini-grid 
Full-grid 

Application Lighting 
Lighting and 

appliances 

Lighting and 

appliances 

Lighting, 

appliances, 

emergency 

power 

All uses All uses 

User 
Residential; 

Community 

Residential; 

Community 

Community; 

Commercial 

Community; 

Commercial 

Community; 

Commercial; 

Industry 

-  

Key 

Component 

Generation, 

storage, 

lighting, cell 

charger 

Generation, 

storage, DC 

special 

appliances 

Generation, storage, 

lighting, regular 

AC appliances. 

Building wiring 

included but no 

distribution system 

Generation + 

single-phase 

distribution 

Generation 

+ three-

phase 

distribution 

+ controller 

Generation + 

three-phase 

distribution 

+ 

transmission 

 

The opportunity for the off-grid market is huge when measured by the replacement or 

hybridization of diesel gensets. In the world, there are 400 GW of diesel capacity among 

industrial facilities and mines in remote operation, back-up energy systems, and mini-grids. 

Some diesel generators operate as single units, whose capacity is more than 10 MW. From 

the global capacity of this conventional technology, between 50 and 250 GW could be 

hybridized with renewables [100], and approximately, 15 GW is located on small islands 

[75], a chance for these territories to overcome the barriers inherent to them: insularity, size 

and remoteness.  

The declining costs and more efficient off-grid components based on quality standards 

and quality assurance certification process, including electric appliances, has allowed 133 

million people to benefit from having access to electricity services. From 2010 to 2016, only 

the cost of LED lights and lithium batteries dropped by 80% and 73% respectively. 

Currently, 100 million people are using solar lights (< 11 W), 24 million are using SHSs (> 11 

Wp) and 9 million people are connected to mini-grids [101]. The total off-grid capacity 

increased significantly, from 2 GW in 2008 to 8.8 GW in 2018. [81,101]. Here, the PV is the 

outstanding technology to provide electricity services in the most remote areas with 3 GW 

of the overall off-grid capacity [81]. Looking forward, for energy transition agendas, there 

is no excuse in implementing affordable and innovative renewable technologies to improve 

the living conditions of the most vulnerable people and to reduce poverty. 
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1.6 Financing for Implementation of Energy Generation Systems on 

Isolated Areas 

Renewables-based on mature technologies are the lowest-cost alternative compared to 

conventional fossil-based power generation. Renewables contribute with approximately 

11% to the global electricity generation [25]. This is because of global targets and policies, 

and a renewable industry that continues to develop. In this matter, electrification finance 

commitments have reached a total value of $19.4 billion US between 2013 and 2014, and 

$30.2 billion US from 2015 to 2016 in high impact countries from Africa and Asia (excluding 

the Latin America region). Figure 1.9 presents the source of finance for electricity 

investments for both periods. Domestic sources, especially from the private sector, covered 

61% of electricity finance from 2015 to 2016. It is 22% higher than between 2013 and 2014. 

International funding remains the same in both periods. Public international investment 

decreased by 16% from 2013-14 to 2015-16, whereas private international investment 

increased by 58% in the same period. 13% of the total funding in 2015-16 came from 

Multilateral Development Banks (MDBs), which are the largest public providers [102]. The 

Asian Development Bank (ADB) and the African Development Bank (AfDB) have the 

highest portfolios dedicated to access energy. For instance, in 2014, the AfDB’s portfolio 

registered around 14% ($229 million US) of investments in energy access. While the World 

Bank Group (WB) and the Inter-American Development Bank (IADB) were more devoted 

to distributed energy [103]. However, all MDBs investments remain far below the 

benchmark in energy access and distributed energy areas [103]. What is more, in 2015-16, 

only 1.3% of the total finance tracked was for off-grid systems for rural electrification (54% 

of investment was for grid-connected renewable technologies and 27% for grid-connected 

fossil fuel plants) [102].  
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Figure 1.9. Source of finance for electricity in high impact countries (billion US) [102]. 

In the case of islands, in 2018, only for those from the Pacific, the ADB established a 

grant portfolio for energy, comprised of 14 projects, reaching a total investment of $371 

million US with plans to extend this financing to $1 billion US up to 2021 [104]. There is also 

the Small Islands Developing States (SIDS) Lighthouse Initiative (LHI) launched by the UN 

Climate Summit in 2014 that brings together 36 SIDS and partners to mobilize resources for 

RE. From 2014 to 2019, the LHI’s partners have invested around $500 million US to deploy 

renewables. In spite of the great efforts, this technology only represents 10% of the total 

installed capacity in SIDS [105]. 

Therefore, to expand the introduction of isolated renewable systems, restructuring 

finance programs are still necessary to surpass the barriers of high up-front costs, regulatory 

uncertainty, competition with conventional and pollutant technologies and the lack of 

human resources in design, operation and management [42]. Both public and private 

institutions have an important role in addressing the funding gap. Public investment is 

needed to cover public services, rural enterprises and households that have no economic 

capacity to acquire off-grid technologies, as well as establishing attractive incentives for 

mobilizing private investment. More private funds are important as funding channels for 

end-users and local enterprises. However, the level of private financing varies according to 

the maturity of the company, the portfolio of products and services, and the stage of projects 



Chapter 1. Introduction 

 

29 

 

in which companies are involved. Here, banking facilities are also essential to facilitate 

lending for companies and end-users [101].  

On one hand, from 2018 to 2030, an annual average investment of approximately $700 

billion US would be needed to increase RE capacity, and $600 billion US to improve energy 

efficiency [25]. For the specific case of small islands, Blechinger et al. (2016) determined that 

15 GW of diesel capacity installed on these territories could be hybridized with 7.5 GWp of 

PV and 14 GW of wind combined with 5.82 GWh of battery capacity to reduce 7.8 billion 

liters of diesel consumption and 20 million tons of GHG atmospheric emissions per year. To 

reduce diesel consumption and increase the RE share to approximately 50% on small 

islands, a total investment of $46 billion US would be necessary. Achieving that remains a 

critical challenge, especially, for the Pacific Islands because of their geographical 

fragmentation and remoteness from the mainland [106]. Furthermore, the literature has not 

identified suitable business models in these contexts to boost the introduction of RE and 

most of the related studies are targeted at rural areas [107–112].   

On the other hand, $40 billion US per year are needed to expand energy access to 2030 

[25]. Africa and Asia have concentrated most of the investment for off-grid renewable 

generation systems [101]. Their high population density is an advantage for off-grid 

electrification [113]. Here, among their most successful business models, there is the 

Infrastructure Development Company Limited (IDCOL) program (2002–present). However, 

this program still lacks enough government support to push its electrification goals forward 

[114]. Conversely, the Latin America region, with fewer investment resources for the 

renewable off-grid systems implementation, has shown greater progress than Africa and 

Asia, even, under more complex geographical conditions. For instance, in zones such as the 

Andes and the Amazonia, the rural population lives in very scattered locations and far from 

larger centers of population. In the nineties, to support rural electrification, this region 

started to modernize its electrical power sector allowing the participation of private 

companies in tendering competitive process for concessions of generation, transportation, 

and distribution of electricity [46]. Indeed, several studies have evaluated the situation of 

business models applied by the region although these lack a comprehensive overview to 

address the vulnerabilities of the last mile population [46,115]. In spite of this, lessons 

learned from the Latin America off-grid experience would be very helpful to support 

initiatives in Africa and Asia. In the following sections, definitions of business models are 

summarized. 

1.7 Definition of Business Models for Off-Grid Projects 

Institutional and political matters are important in determining the sustainability and 

success of business models, and ownership is the central factor for their classification [107–

112]. Owners can be those responsible for funding the project, or operating and maintaining 

the generation system or making profits [116]. Thus, based on rural electrification 

experiences, a general definition of business models based on the management perspective 

is presented [107,112].  
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1.7.1 Public model 

This model is managed by the central government or local utilities, which fund and 

create subsidies for projects in areas where rural electrification is non-profitable. Its main 

downsides are the dependence on political agendas and the lack of interested in 

understanding the needs of contexts. The public sector funds, installs, and oversees the 

O&M of systems, and shows responsibility for the collection of fees.  

1.7.2 Private sector model 

Private involvement is part of the idea to attract funds where projects are non-profitable 

but receive public support through subsidies. The scalability of projects as well as incomes, 

potential market and subsidies are crucial in attracting private companies, which also need 

high managerial and technical expertise. In this model, rural projects are driven by efficiency 

and performance. 

1.7.3 Non-Governmental Organizations (NGOs) 

NGOs work where it is not profitable to invest in rural electrification with special focus 

on non-grid solutions. The purpose of their intervention is highly motivated by socio-

economic concerns, and projects are sponsored by bilateral or multilateral donors. After 

verifying that projects are fully developed, the NGOs transfer the running responsibility to 

communities. Nevertheless, these projects lack subsidies and enough budget which affects 

the assurance of maintenance and spare parts supply.  

1.7.4 Community  

Communities organize themselves to set up cooperatives to own, operate, and maintain 

a generation system. These organizations are less bureaucratic than public utilities. 

However, this model requires long periods to acquire technical skills. There are also risks in 

terms of financing, social disputes related to leadership positions, payments, benefits, and 

technical responsibilities.    

1.7.5 Hybrid model 

The hybrid model combines the aforementioned forms to address their disadvantages 

through the expertise of actors and enabling multiple configurations. However, the most 

remarkable downside is the complexity in reaching agreements and avoiding 

misunderstandings. This model requires stable partners to guarantee long-term projects 

sustainability. In accordance with the literature review, the contractual arrangements 

considered in this classification are: Public-private partnerships, concessions, power 

purchase agreements, Renewable Energy Service Company, and Energy Service Company. 

 

Apart from that, in rural electrification, there are Renewable Energy supply models 

which capture how technologies (systems) are transferred from suppliers to customers: (i) 

Service Delivery model (Fee for service model): The promoter owns the system and provides 

electricity service for users based on a tariff regulated by the government; (ii) Credit model 

(dealer model): The customer buys the system and payments are done in installments. This 

model involves high installations costs due to the risk in credit transactions and the quality 
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of products; (iii) Lease model (finance leasing or hire purchase): The system is leased to the 

end-user –the equipment can be transferred to the customer at the end of the lease period–. 

In any case, the owner assumes the responsibility for operation and replacement costs, while 

techno-economic and social assessments may vary depending on the stakeholder expertise 

[112,117].  

 

Nowadays, there seems to be a common agreement in the definition of business models. 

However, this still lacks a clear outlook to address the main constraints in implementing off-

grid renewable energy systems in vulnerable contexts. Nonetheless, what is clear is the 

identification of the basic elements of business models: infrastructure, value proposition, 

revenue model, and customer interface. The infrastructure refers to organizational matters 

to support the value proposition. The value proposition involves products and services 

offered to users. The revenue model implies incomes and expenditures associated with the 

commercialization of the value proposition. And, the customer interface describes the 

relationship between providers and users [118,119]. Based on these statements, to support 

the energy transition, the role of utilities is crucial in analyzing the evolution of business 

models, adjusting them to local conditions, and most importantly, establishing a regulatory 

framework to support their implementation under concerns as regards sustainability.  

In this framework, holistic and well-integrated policies and regulations for promoting 

off-grid solutions are also required within a complete package of key strategies for closing 

gaps. Added to this, there is the importance of data-based and scientific studies to support 

decision making and long-term planning [25,101].  

1.8 The Framework of the Thesis 

Based on the literature review, it is clear that great efforts have been made to support 

the 2030 Agenda, and specifically, the SDG7. Nevertheless, there are latent challenges that 

the international context should take into account to support decision-making and funding 

and to reinforce energy planning for providing an affordable and modern energy service for 

all. What is more, there is insufficient scientific information to show how to reach the SDG7 

specifically [15]. Hence, it is important to study specific applications to identify new and 

innovative ways of implementing renewable technologies in practice. 

In this context, the GEDIRCI research group from IES-UPM is focused on the PV system 

as a whole and under real operating and market conditions. This research group has more 

than 30 years of experience in developing collaborative research projects in isolated areas. 

The main lines of research are quality control assessment in PV systems, new markets niches 

for PV systems, optimization of power systems, rural electrification, and business models to 

deploy RE. Moreover, the GEDIRCI establishes alliances with public, private, and non-

governmental organizations and other research institutions to build scientific knowledge 

based on real experiences. 

To put the current problems of energy provision into perspective, this PhD thesis 

studies real applications of off-grid renewable energy systems in both fragile environments: 

small islands with special focus on the Pacific Islands and rural communities in the Latin 

America region. To do that, the GEDIRCI research group has established a chain of 

cooperation with local and private companies from Ecuador, Mexico, Peru, and Bolivia. In 
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Ecuador, this thesis had the collaboration of the government through the Ministry of Energy 

and Non-Renewable Natural Resources (MERNNR) and the Electricity Company 

Galapagos ELECGALAPAGOS to study the case of the Galapagos Islands. Furthermore, this 

thesis was supported by private companies with a wide experience in rural electrification 

such as the ENERGETICA Foundation from Bolivia and the acciona.org Foundation from 

Peru and Mexico. Additionally, it is worth mentioning the support received by the itdUPM 

which focuses on development concerns in Latin America, and the Reiner Lemoine Institut 

and Evopro Systems Engineering AG (both from Germany), a research institution dedicated 

to studying off-grid systems and a specialized company in control systems, respectively. 

1.9 Hypothesis 

The global and national interests are far from fulfilling the SDG7 due to the lack of 

holistic and effective policies that support the suitable implementation of renewable 

technologies. This reflects how imperative it is to push new and innovative initiatives to 

decarbonize power systems and to provide access to electricity, especially to address the 

main issues of the energy transition process in the most vulnerable contexts based on 

realistic case studies. Thus, this thesis states as its hypothesis: 

 

❖ Off-grid renewable energy systems based on mature technologies are the most 

cost-effective alternative for small islands and rural communities. 

❖ Off-grid renewable energy systems allow electricity costs to be reduced, 

favoring local economies, the quality of life of people, and the reduction in GHG 

emissions. 

❖ There are already well-designed and implemented business models to support 

the SDG7 and, in turn, the 2030 Agenda in fragile environments.  

1.10 Research Questions 

To verify the hypothesis, the following research questions arise in this thesis: 

1.10.1 Research questions related to small islands 

• Which business models are used to implement isolated power systems on small islands? 

• What are the key technical, political, economic, financial, and environmental factors to 

take into account in developing sustainable isolated power systems on small islands?  

• Which policies are needed to facilitate the implementation of these power systems? 

 

Studying a case from the Pacific Islands: 

 

• What is the techno-economic renewable energy potential of an island system to support 

the Agenda for Sustainable Development? 

• To what extent can energy efficiency support the Agenda for Sustainable Development? 

• Which business models are needed to support the implementation of new renewable 

energy capacities and energy efficiency? 
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1.10.2 Research question related to rural areas 

• What are the lessons learned from ongoing projects from the Latin America region to 

support rural electrification? 

1.11  The Objectives of the Thesis 

1.11.1 General Objective 

The general objective of this thesis is to study off-grid renewable energy systems to 

support the Agenda for Sustainable Development. This constitutes the first step in learning 

how to diversify energy mix in real conditions on islands (to increase the RE share in the 

global mix) and how to provide effective and affordable electricity service in rural 

communities from developing countries (to support universal access to energy). The focus 

is mainly on the Pacific Islands and the Latin America region, respectively. 

1.11.2 Specific Objectives 

1.11.2.1 Specific Objectives Related to Small Islands 

• Building the state of the art of isolated power systems on small islands. 

• Applying techno-economic assessments to optimize the power system of a case study of 

the Pacific Islands, regarding their environmental conditions: the hybrid power system 

of Baltra-Santa Cruz in the Galapagos Islands, Ecuador. 

• Evaluating the applicability of the distributed generation in high electricity 

consumption sectors in the Galapagos Islands. 

1.11.2.2 Specific Objective Related to Rural Areas in Developing Countries 

• Identifying the lessons learned from ongoing projects from Peru, Mexico, and Bolivia to 

support rural electrification in a sustainable way.  

1.11.2.3 Common Objectives for Both Contexts 

• Identifying the main technical, economic, financial, social, and environmental needs that 

should be addressed to facilitate the introduction of off-grid systems. 

• Identifying potential business models to support the introduction of RE. 

• Establishing recommendations of public policies to support the energy transition in both 

small islands and rural areas. 

1.12 Outline of the Thesis Structure 

The thesis is organized in five parts: (i) introduction, (ii) methodology, (iii) collection of 

articles, (iv) conclusions, and (v) bibliography. The complementary scientific results are 

shown in the APPENDIX section. 

Part I covers the general description of the context (introduction), on which this PhD 

thesis is based, the framework of the thesis, the hypothesis and the objectives. Part II or 
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Chapter 2 presents a short description of the material and method applied to build this 

thesis. 

Part III named “compendium of articles” is made up of the following chapters 3, 4 and 

5. This section presents the work published in peer-review Q1 and Q2 journals according to 

the regulation of the Universidad Politécnica de Madrid. 

 

• Chapter 3 starts by describing the state of the art of mini-grids based on renewable 

energy to provide electricity on non-interconnected small islands. This chapter 

corresponds to a review of the current situation of islands located in the Pacific, Atlantic 

and Arctic (considering both regions as a single region), and Indian Oceans, the 

Caribbean and Mediterranean Seas. Here, it is investigated why the configuration of 

renewable systems varies from one island to another, the difficulties and challenges of 

their implementation, and the identification and definition of the business models 

applied. 

 

• Chapter 4 analyses the case study of the Galapagos Islands through the hybrid power 

system of Baltra-Santa Cruz. Here, it is presented the results of techno-economic 

assessments to improve the levels of hybridization of the power system, using a 

specialized mini-grids planning tool (HOMER Pro–Hybrid Optimization of Multiple 

Energy Resources). In addition to that, the feasibility of distributed generation in major 

sectors of electricity consumption is studied to provide another alternative to the 

achievement of the SDG7 by the islands. Finally, a business model proposal is presented. 

 

• Chapter 5 focuses on analyzing ongoing rural electrification projects in Peru, Mexico, 

and Bolivia. This chapter presents a comprehensive analysis of crucial factors that must 

be considered in rural energy planning. This includes a comparative discussion about 

business models implemented to meet the last mile population via an affordable and 

reliable electricity service. 

 

Part IV corresponds to the Chapter 6, which presents the integrated discussion about 

the three published papers, the results and conclusions, and the identification of further 

research that could be done to improve the outcomes of off-grid renewable applications.  

 

For a better understanding of the thesis structure, a schematic representation is 

presented in Figure 1.10:  
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Figure 1.10. Outline of the PhD thesis structure. 



 

 

 

  



 

 

 

 

 

Part II.  

Methodology of the Thesis 
 

  



 

 

  



 

 

 

  

Chapter 2. 

Methodology  

 

Construction of the Baltra Wind Farm Project, Baltra, Galapagos. Own photo  

 



 

 

 

  



 Off-Grid Renewable Energy Solutions in Fragile Environments: Applications for a Sustainable Future 

 

41 

 

2 Methodology  

The PhD thesis is conceived by a compendium of articles. Therefore, in the previous 

section (Part I), the common line of discussion of three published papers was presented. 

This involved the revision of the literature to establish the state of the art of this work, where 

the main needs in energy supply were highlighted, with special focus on vulnerable contexts 

(small islands and rural areas). Then, to answer the research questions stated in this PhD, 

the present section describes the general methodology applied. Part III – a compendium of 

articles– required an extensive review of the literature also supported by fieldwork and an 

experimentation phase. Finally, Part IV summarizes the main results and conclusions of this 

thesis 

2.1 Material and Method for Part III 

As mentioned before, Part III involves the collection of articles published in peer-review 

Q1 and Q2 journals. Each article corresponds to a specific chapter (Chapters 3, 4, and 5). The 

methodology applied to develop the articles involved the participation of the author in 

different research projects to fund the research and fieldwork required, highlighting the 

need to established networks of cooperation to strengthen the results of the thesis.  

2.1.1 Procedure for Chapter 3 

This section describes the procedure applied to build the state of the art of isolated 

power systems on small islands at a regional level. This involved in-depth study of the 

current situation of RE projects installed on small islands located in the Atlantic and Arctic, 

Pacific and Indian Oceans, and the Caribbean and Mediterranean Seas. 

2.1.1.1 Resources 

• The GEDIRCI research group obtained funds from the 17th Funding Call for University 

Cooperation to Development (grant number COOP-XVII-17) from the Universidad 

Politécnica de Madrid (UPM) in 2016 to develop the first phase of this research. 

• To get specific information about small islands, a network of cooperation among the 

GEDIRCI, the Ecuadorian Ministry of Electricity and Renewable Energy–MEER–, 

currently, MERNNR, and the Ecuadorian Electricity Company Galapagos 

ELECGALAPAGOS was established. Both contribute with techno-economic 

information on the Galapagos Islands. Furthermore, the Reiner Lemoine Institut 

provided some key information on 1,800 small islands worldwide. 

2.1.1.2 Method 

• Based on the fact that this PhD thesis focuses on centralized energy power systems, 

which cover most of the electricity demand of non-interconnected small islands, the 

review of the literature (scientific articles, and official reports, websites and statistics) 

considered: (i) the market of isolated power systems (mini-grids and hybrid mini-grids), 

(ii) definitions of business models for the implementation of isolated power systems, 
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but, this was focused on rural areas since there is a gap in the literature about non-

interconnected small islands or islands in general; (iii) drivers and inhibitors of RE in 

these territories in terms of size, remoteness and insularity as well as environmental 

factors, availability of renewable resources, and economy; (iv) public policies to support 

the implementation of power systems; and, (v) the technology implemented. 

• To support the targets of the research, the “Identification and assessment of 

management models in isolated hybrid mini-grids applied to the case of Ecuador” 

project was developed to evaluate the technical quality of the PV generators installed on 

the Galapagos Islands (67 kWp installed on Baltra Island, and 1.5 MWp installed on 

Santa Cruz). The GEDIRCI carried out fieldwork in September 2017 to study these 

systems. This involved measuring the technical parameters of the PV modules installed: 

open-circuit voltage (VOC), short circuit current (ISC), maximum power (Pmpp), voltage at 

maximum power (Vmpp), current at maximum power (Impp) and I-V (current-voltage) 

curve. These parameters, extrapolated to standard test conditions (STC), were compared 

to the manufacturer data based on international standards (International 

Electrotechnical Commission–IEC standards). Then, the technical quality of the modules 

was determined. In the technical visit to the Galapagos Islands, interviews and surveys 

were carried out to obtain crucial information related to acceptance of RE projects by 

stakeholders and society. The results of this research entitled “Quality Control Applied 

to the Photovoltaic Systems of the Galapagos Islands: The Case of Baltra and Santa Cruz” 

were applied as supplementary information to develop this chapter (see Appendix II). 

This research was also presented in the 3rd International Hybrid Power Systems 

Workshop (Spain, 2018), and the XVI Iberian Congress and XII Ibero-American Solar 

Energy Congress (Spain, 2018). 

2.1.1.3 Result 

The following paper has been published by a peer-review Q1 journal in accordance with 

the Journal Citation Reports (JCR):  

 

Eras-Almeida, A A, and M A Egido-Aguilera. 2019. “Hybrid Renewable Mini-Grids on Non-

Interconnected Small Islands: Review of Case Studies.” Renewable and Sustainable Energy 

Reviews 116 (October): 109417. https://doi.org/10.1016/j.rser.2019.109417. 

2.1.2 Procedure for Chapter 4 

Chapter 4 studies the isolated power system of Baltra–Santa Cruz, in the Galapagos 

Islands, to identify its RE potential, taking into account large and small scale RE projects 

and the impact of energy efficiency means on RE potential.  

2.1.2.1 Resources 

• This section was also supported by the UPM through the 17th Funding Call from the 

Social Council for the Promotion of Training and Internationalization of PhD 

Researchers for the 2018–2019 Academic Year (XVII Convocatoria de Ayudas del 

Consejo Social para el Fomento de la Formación y la Internacionalización de 
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Doctorandos para el Curso 2018–2019) to develop the following project “Hybrid 

renewable mini-grids of the Galapagos Islands towards the Zero Fossil Fuel Initiative”. 

• This project was developed together with the Reiner Lemoine Institut–RLI 

(https://reiner-lemoine-institut.de/en/about-us/team/) through a research stay of by the 

author at the Off-grid Research Unit in order to get expertise in optimization tools 

(through open sources (https://github.com/smartie2076/Offgridders) and private 

software).  

• As one of the results of the research stay at RLI, the following publication was 

developed: Bertheau, Paul, Martha M. Hoffmann, Andrea Eras-Almeida, and Philipp 

Blechinger. 2020. “Assessment of Microgrid Potential in Southeast Asia Based on the 

Application of Geospatial and Microgrid Simulation and Planning Tools.” In Sustainable 

Energy Solutions for Remote Areas in the Tropics, eds. O. Gandhi and D. Srinivasan. Cham: 

Springer, 149–78. http://link.springer.com/10.1007/978-3-030-41952-3_7 (May 2, 2020). 

One of the objectives of this research was to compare different energy systems’ 

modelling tools to recommend the most suitable according to the research purposes. 

Thus, the HOMER Pro software was found as the most appropriate for detailed case 

studies.  

• Lastly, this phase of the thesis was also supported by the MERNNR and 

ELECGALAPAGOS by the provision of techno-economic information of the generation 

systems in detail. Evopro Systems Engineering AG, a specialized company in control of 

RE systems, also participated as a technical partner. 

2.1.2.2 Method 

This phase of the thesis involved a review of scientific literature and statistical analysis 

of the data provided by ELECGALAPAGOS. Some results of the previous research about 

the quality control of PV systems in Baltra and Santa Cruz completed the baseline-

information (Appendix II). Here, HOMER Pro, a software widely applied to design and 

optimize energy power systems, especially in remote areas, was used to carry out techno-

economic assessments. Its application is reinforced by the results of the aforementioned 

publication on the comparative analysis of energy system modelling tools. HOMER Pro was 

allowed to simulate and optimize the hybrid power generation system of Baltra–Santa Cruz, 

and to analyze the feasibility of distributed generation in sectors with high electricity 

consumption on the islands. 

 

The simulation process comprises a calculation of dispatch for one reference year in 

hourly increments (can be adjusted to minutes), in other words, this process simulates the 

operation of the generation system. Whereas the optimization phase compares techno-

economic characteristics for conventional and renewable technologies to define the most 

optimal solution. Dispatch strategy to control the operation of generators and storage banks 

to supply the demand. Two dispatch strategies can be used: load following and cycle 

charging suitable for systems with high and low renewable power, respectively [120–122]. 

 

https://reiner-lemoine-institut.de/en/about-us/team/
https://github.com/smartie2076/offgridders
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2.1.2.3 Result 

The results have been published by a peer-review Q2 journal in accordance with the 

JCR:  

 

Eras-Almeida, Andrea A, Miguel A Egido-Aguilera, Philipp Blechinger, Sarah Berendes, 

Estefanía Caamaño, and Enrique García-Alcalde. 2020. “Decarbonizing the Galapagos 

Islands: Techno-Economic Perspectives for the Hybrid Renewable Mini-Grid Baltra–Santa 

Cruz.” Sustainability 12 (6): 2282. https://doi.org/10.3390/su12062282. 

2.1.3 Procedure for Chapter 5 

This section presents the procedure followed to identify the lessons learned from PV 

rural electrification projects to support decision-making and sustainable implementation of 

future initiatives. 

2.1.3.1 Resources 

• The Spanish Agency for International Development–AECID funded this phase of the 

thesis through a project entitled “Development of Microfranchises for Access to Clean 

Energy in Rural Areas” (grant number 2015/ACDE/003244). 

• Here, the GEDIRCI partners with private companies with a wide experience in rural 

energy projects: acciona.org Foundation from Mexico and Peru, and ENERGETICA 

Foundation from Bolivia. The primary technical and economic information has been 

provided by these companies.  

• The results of this phase were published thanks to a “Grant for publication of scientific 

contributions in Q1/Q2 Journals – 2019” from the ETSI Telecommunication at UPM. 

2.1.3.2 Method 

The review of scientific and complementary information about the global rural 

electrification context was made to identify gaps in the initiatives, as well as the current 

situation of access to energy in Latin America, specifically, in Peru, Mexico, and Bolivia. This 

review of the literature was strengthened by interviews, a workshop, and fieldwork in a 

rural area of Bolivia. Furthermore, constant meetings and interviews with partners have 

been necessary to address gaps in the information and potential improvements in the 

implemented projects. 

2.1.3.3 Result 

The contribution of this work has been published by a peer-review Q2 journal in 

accordance with the JCR:  

 

Eras-Almeida, Andrea A., Miguel Fernández, Julio Eisman, José G. Martín, Estefanía 

Caamaño, and Miguel A. Egido-Aguilera. 2019. “Lessons Learned from Rural Electrification 

Experiences with Third Generation Solar Home Systems in Latin America: Case Studies in 

Peru, Mexico, and Bolivia” Sustainability 11. 

https://doi.org/https://doi.org/10.3390/su11247139. 
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2.2 Material and Method for Part IV 

Part IV, which corresponds to Chapter 6, presents the findings and conclusions of this 

PhD thesis and the identification of potential future research. This section is based on the 

triangulation of the results of Chapters 3, 4, and 5 and the verification of the stated 

hypothesis. This section is also supported by the review of additional scientific literature. 

Some points have been updated where deemed necessary. An overview of the methodology 

applied can be seen in Figure 2.1. 

 

 

Figure 2.1. Overview of the methodology. 
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3 Hybrid Renewable Mini-grids on Non-

interconnected Small Islands: Review of Case 

Studies 

 

 

Abstract 

Most small islands, with populations of between 1,000 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 capacities. 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. 

3.1 Introduction 

Although energy was not mentioned in the Millennium Development Goals (MDGs) 

[6,79], the 2030 Agenda for Sustainable Development recognizes the crucial role of energy 

in development processes. It also underlines how access to modern and sustainable energy 

is essential to eradicating poverty, saving lives, improving health conditions and satisfying 

basic human needs [5]. This Agenda highlights the need to transform the way energy is 

produced and consumed to eliminate poverty and foster sustainable development. 

Moreover, it also calls for a paradigm shift towards green economies, particularly in 

developing countries and emerging markets [12].  

To accelerate the transition process to modern energy systems, Sustainable Energy for 

All (SE4ALL) identifies a series of High Impact Opportunities (HIOs) whose goal is to 
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achieve synergies between actors, sectors and industries in order to progress towards access 

to universal energy1. These HIOs link renewable mini-grids to sustainable power sources 

and consider them a tool to be included in government and international plans. HIOs allow 

the definition of different business models, promoting knowledge, making them visible and 

facilitating access to both public and private funding 2 . The energy transition involves 

society, institutions, innovative financing mechanisms, the promotion of private 

investment, ownership structures and the global economy [59,123]. 

3.1.1 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 

[100,124–126]. 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 incomes and achievements in health and education [125,127]. 

Furthermore, these systems offer opportunities for diversification and competitiveness to 

electric generation companies [126]. 

During the past decade, across the world, the number of mini-grids has grown steadily. 

For instance, in 2017, photovoltaic (PV) solar energy and small hydro mini-grids have 

reached 308 and 509 MW of capacity, respectively [128,129]. In 2016, 9 million people were 

connected to mini-grids with RE [129]. 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) [22]. 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 [22]. 

Even though single technology mini-grids could achieve the big objectives in access to 

energy, Wiemann et al. [107] 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% to 

8% under market conditions. Even if the public sector funds the projects, this reduction 

could be from 12% to 16% [130]. The diesel capacity worldwide that could be hybridized 

with renewables varies from 50 to 250 GW [100], of which 15 GW is on small islands 

(definition based on the number of inhabitants from 1,000 to 100,000) [75]. It is estimated 

that 70% of households in the Pacific islands have no access to electricity [131], and the wind 

and solar potential to hybridize diesel generation is 4.97 MW and 2.95 MW respectively [75]. 

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 

 
1

 http://www.se4all.org/actions-commitments/high-impact-opportunities. 

2 https://www.seforall.org/hio_clean-energy-mini-grids.  

http://www.se4all.org/actions-commitments/high-impact-opportunities
https://www.seforall.org/hio_clean-energy-mini-grids
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islands. These aspects, added to the natural island context, influence the success or failure 

of business models [110]. 

3.1.2 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” [1]. 

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 [132]. 

Most islands worldwide have off-grid generation systems made up of thermal power plants, 

thus affecting the cost of electricity and the reliability and safety of the power supply 

[96,124]. However, their energy transition can be accelerated thanks to their abundant RE 

resources [96,133]. The common objective of these territories is to achieve energy 

independence using RE [134], the first step towards sustainable development [135].  

There are 87,000 islands [136] that cover approximately 7% of the Earth’s surface [137]. 

The island population worldwide stands at 740 million people [136] and around 3% (20 

million inhabitants) live on 1,785 small islands whose population is between 1,000 and 

100,000 [75]. 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 capacity (diesel) on small islands3. 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 [75].  

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 [75,138]. In SIDS, 90% 

of their electricity is produced using imported oil [139–141]. Thus, an increase of $10 

US/barrel would result in a reduction of 1.5% of their GDP [139]. 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 [96,140,142]. The Pacific 

SIDS are the most vulnerable to this external influence [143] due to disadvantages such as 

the limitation in achieving economies of scale, insularity, remoteness, the limited availability 

of land, dispersed population, high susceptibility to natural disasters, the dependency on 

foreign countries and environmental vulnerability [67,141,144].  

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 [145]. Even though the 

contribution of small islands and SIDS to the global reduction in GHG emissions is low [75], 

these islands can show the rest of the world how fossil fuel independence is not just a 

conceptual idea for the future4. Some islands from developed countries generate 100% of 

 
3

 To calculate the power that can be achieved on islands with the help of wind and solar systems and batteries, the Reiner 

Lemoine Institut developed an optimization tool (using MATLAB). The results estimate the possible reduction in the Levelized 

Cost of Electricity [75]. 

4 http://blueandgreentomorrow.com/features/how-island-nations-can-lead-the-renewable-energy-revolution/. 

http://blueandgreentomorrow.com/features/how-island-nations-can-lead-the-renewable-energy-revolution/
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their electricity by renewable resources [96], with diesel generators (DGs) working as a back-

up, e.g., El Hierro, Graciosa and Kodiak [32,100]. To accelerate energy transition, the 

constraints of each island and economic incentives must also be considered in the planning 

phase [146,147]. In some cases, the constraints may be institutional, social and financial 

issues [106,144] or in others, environmental and technical [135,145]. 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 framework 

[118,119]. 

 

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 environmental 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 electricity 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 regions as a single region), and Indian Oceans, the Caribbean and Mediterranean 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 [107–111]; 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. 

3.2 Methodology 

A previous study shows that there are 1,785 small islands worldwide whose population 

is between 1,000 and 100,000 [75]. 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 [75]. The total electricity consumption of these small 

islands is around 50,000 GWh/year which involves a high demand for fossil fuels [75,148]. 

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 [96]. To overcome these disadvantages, small islands, 

which are considered as mini-grids for the purpose of this paper, can hybridize their current 
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diesel power systems through the use of the enormous potential of REs, especially from 

solar and wind power [148].  

The same study reveals, through a technical and economic assessment, that there are 

differences between the islands depending on the location. For example, Mediterranean 

islands, which belong to developed 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 

hybridization is between 10% and 97% [75].  

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 development 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 characterization in this work. 

Second, 10 case studies detailed in Table 3.1 have been selected from four basic criteria: 

(i) at least one island per region, (ii) the population is between 1,000 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 Institut5 (as stated in [75]), with the exception 

of Necker Island which is a unique example of a private island with only 60 inhabitants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
5 This database contains information on 1,785 small islands.  
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Table 3.1. Selected small islands.  

Country Name 
Island or 

archipelago 

Location 

(ocean or sea) 

Area 

(𝐤𝐦𝟐) 

Elevation 

(msnm) 
Population Source 

Spain El Hierro Canary Islands Atlantic  274.6 1,501 14,849 [149] 

Portugal Graciosa Azores Archipelago Atlantic  60.8 408 4,966 [149] 

SIDS 

Associate 

Member 

Tokelau  3 atolls (i) Pacific  12  1,411 [150] 
6

 

SIDS Tuvalu 
4 coral reefs and 5 

atolls (ii) 
Pacific  26  10,782 (2014)   [133,151] 

Ecuador Galapagos 
19 major islands and 

200 islets (iii) 
Pacific  8.01 864 29,658 (2015) [152] 

United States Kodiak 
Kodiak Archipelago 

(iv) 
Pacific  9,433.1 1,353 13,950 [149] 

United 

Kingdom, 

SIDS 

Associate 

Member 

Necker British Virgin Islands Caribbean  0.18  60 [153] 

Greece Ikaria Island Mediterranean  258.4 1,037 6,869 [149] 

Australia 
King 

Island 
Island 

Indian (Bass 

Strait - 

Tasmania) 

1,109.8 213 1,938 [149] 

SIDS Seychelles 115 islands (v) Indian  455 905 93,400 (2015) 
[154,155]  

 (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. 

 

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. 

3.3 Key definitions 

3.3.1 Mini-grids 

Mini-grids rely on one energy source and connect multiple clients [156]. There are two 

types which involve high electricity prices in comparison with hybrid mini-grids: (i) 100% 

renewable energy power systems that usually need batteries to store surplus electricity in 

 
6 Both Tokelau and Necker are SIDS Associate Members. Available at: http://www.unesco.org/new/en/natural-

sciences/priority-areas/sids/resources/sids-list/. 

 

http://www.unesco.org/new/en/natural-sciences/priority-areas/sids/resources/sids-list/
http://www.unesco.org/new/en/natural-sciences/priority-areas/sids/resources/sids-list/
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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 increases 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 environmental 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 [107].  

3.3.2 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 [156]. The use of HRMGs is currently widespread to foster 

the exploitation of renewable resources. These systems ensure the reliability, quality and 

security of the electricity service [157], and provide socioeconomic and environmental 

benefits [157,158]. These systems are highly recommended for off-grid locations such as 

small islands [95,157]. DGs usually integrate these systems as a back-up [124] or to overcome 

the need for batteries [156]. Regarding efficiency and economics, storage systems are a 

challenge for islands [95].  

Both mini-grids and HRMGs require control systems for frequency and voltage stability 

to enable an economical and optimum operation [145,159–161]. Both systems could operate 

as grid-connected or island-mode [159]. 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. 

3.3.3 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 circumstances [107,162]. 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 [107]. Robust governance is a 

pre-requisite to meeting the needs of consumers, owners and suppliers, and in reducing the 

risk to stakeholders [162]. The pillars for ensuring the long term sustainability of funding, 

installation, and O&M of HRMGs are business models. Ownership is a decisive factor in 

classifying business models [107,108,163]. Nevertheless, these models must be adapted to 

the necessities and circumstances of every location [107]. 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 [116] but it has to be clear that the ownership 

does not determine responsibility for the O&M [107]. Donor aid has traditionally led seed-

financing in developing countries [108]. According to the literature that describes 

experiences for implementing mini-grids in rural areas, the most common organizational 

models are: 
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3.3.3.1 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 [108]. 

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 [107,108]. 

3.3.3.2 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 [108]. 

Private companies require public incentives, such as grants or loan guarantees [107–110] but 

this does not mean that the public sector funds projects. 

3.3.3.3 Community-based organization model  

It is a very common model in which the contribution of both the private and the public 

sector is limited [107]. The community sets up cooperatives and owns the system. It is 

responsible for its administration, O&M and the collection of payments [107–110]. This 

model fosters employment in O&M-related activities. It also guarantees the quality of the 

service, because the users are the owners [107]. However, the community-based 

organization model usually suffers from social conflicts and the lack of technical skills 

[107,162]. This model also needs the assistance of the public and private sectors [107]. 

3.3.3.4 Hybrid model 

This model is a combination of the aforementioned models to minimize their 

deficiencies and complexities so that every participant assumes a specific role in the 

investment, implementation or management of the systems [107–110]. 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 [164], 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 [109]. 

• 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 [109,165]. 

• Power Purchase Agreement (PPA): It is a contractual agreement to deliver electricity where 

generation and distribution assets are owned and controlled by different parties [109]. 

PPA is expected to include O&M activities as revenues depend on the performance of 

the system [160]. 

• Renewable Energy Service Company (RESCO): It provides services through activities such 

as the implementation of RE projects, especially in emerging markets [166,167]. The 

RESCO takes on a degree of risk. This model uses the revenue stream that comes from 

cost savings or RE produced to make the project profitable [168]. 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 
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investor and the RESCO guarantees the annual energy savings to cover the debt incurred 

by the client [166–168]. 

 

To identify business models implemented on islands, it is necessary to adjust the 

previous definition and classify the business models according 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 [108], 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 

[111,141]. 

3.4 Characterization of case studies: Drivers and inhibitors of 

renewable energy  

Fernandes and Pinho [73] observed that the most common constraints of small islands 

are the scarcity of natural resources, environmental fragility and small domestic markets. 

However, these islands differ in size, the degree of remoteness, available RE resources, 

economic specialization and the level of economic wellbeing. This section analyzes the 

factors that drive or inhibit the implementation of HRMGs. 

3.4.1 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 resources. These disadvantages imply a 

large dependency on foreign exchange earnings and the elevated import content of their 

GDP [67,68]. Their small markets and their limited ability to achieve economies of scale and 

to replace imported products affect internal prices and limit endogenous development 

[67,73]. The infrastructures of some of these islands are barely developed and their financial, 

human and natural resources are limited [68]. Because of their remoteness and their 

insularity7, transport costs are high and the provision of supplies is not guaranteed [67]. 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/kWh8 [75]. 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 [68,169]. 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 [170]. Fuel comes 

from Samoa (another Pacific Island Country) and is stored in Fakaofo. Cargo ships distribute 

it from there to every atoll [150,170]. Similarly, in the Galapagos Islands, there are subsidies 

 
7 Every island is defined as insular but not all of them are located in remote areas [67]. 

8 Thermal generation prices have been calculated on the basis of the 2014 costs ($0.74 US/liter) plus an annual rise of 3% [75]. 
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for thermal generation, and its price reaches 12.32 USc/kWh [171]. The costs of shipping the 

diesel to Baltra9 are 49 USc /liter and the final customer pays 51 USc/liter. This final price 

takes into account the weighted fuel cost10 and the expenses derived from transport, storage, 

commercialization and applicable taxes [172,173]. 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 [174]. Both Tokelau and the Galapagos 

Islands have protectionist governments who subsidize both fuel imports and the final 

consumer tariff. The remoteness, the small size and the geographical fragmentation of the 

Pacific islands restrict their economic development [106]. Integrating RE systems as a driver 

in the energy transition of every small island is necessary for them to become low-carbon 

energy systems [175] and more resilient to their natural conditions. 

3.4.2 Environmental factors 

Human presence and population growth are a constant danger to the ecosystems of 

small islands [67,68]. 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 [67,73]. 

3.4.3 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 [73]. Several islands have been 

awarded different designations due to the preservation of their natural reserves (both land 

and marine) and their biodiversity to foster sustainable economic growth. Some well-known 

examples are El Hierro and Graciosa [176,177] named as “Biosphere Reserves”, and the 

Galapagos Islands designated a “World Heritage Site”. On the island of El Hierro, 58% of 

the land surface is protected [178]. In the Galapagos Islands, 3% of the surface of the islands 

is inhabited and the Galapagos National Park encompasses the other 97% [179,180]11. 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 [181]. 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 [181]. The definition of 

a suitable location for new power systems should avoid affecting the biodiversity of these 

contexts. 

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

islands). 

10 Weighted cost results from the weighting the price of the imported product and that of the price of the  domestic product 

[173]. 

11 http://areasprotegidas.ambiente.gob.ec/es/todas-areas-protegidas-por-region?t=G. 

http://areasprotegidas.ambiente.gob.ec/es/todas-areas-protegidas-por-region?t=G
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3.4.3.1 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 [68]. Islands are 

usually located in areas susceptible to natural disasters with geological and hydrological 

origins [67,68]. For instance, Kodiak, the largest island in the Kodiak Archipelago, is located 

in the Pacific Ring of Fire [182]. 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 earthquake12 [183], wiped out the public and private facilities that required a 

replacement at a cost of $22 million US [184]. In 1912, the volcanic eruption of Mount 

Novarupta13 covered the island in ashes and devastated the local fishing industry [182]. In 

the case of SIDS, the damage caused by natural disasters per surface unit and the costs per 

capita are bigger than on the mainland [67], for instance, in the Seychelles, the total cost of 

damage from earthquakes and storms was $39 million US from 2004 to 201314. 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 [185]. 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 [186] supported by Japan’s subsequent energy plan [187]. 

3.4.3.2 Renewable energy potential  

REs have been playing a crucial role in sustainable development especially in areas with 

problems of electricity shortage [188,189] such as on islands. Expanding access to energy 

and replacing fossil fuels to decarbonize the power sector and mitigate climate change are 

the objectives of the introduction of RE [190,191]. The techno-economic RE capacity15 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 

[75].  

In the Atlantic and Arctic islands, the wind power potential is 6.44 GW and that of solar 

power is 1.94 GWp [75]. The island of El Hierro is one of the best locations with high wind 

speeds that can reach from 8 to 10 m/s [192]. In addition, in the Canary Islands, in the upper 

reaches of the mountainous islands, the daily irradiation is 7 kWh/m2, and in the north, the 

irradiation is less than 6 kWh/m2 [181]. 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 [75], e.g., in Tuvalu, the average radiation is 5.5 

kWh/m2/day; the maximum wind speed is 5.79 m/s at a height of 30 m on Funafuti, which 

 
12

 “The Mw 9.2 1964 Alaska earthquake ruptured a > 100,000 km2 area from east of Valdez to Kodiak Island”[183]. 

13 Mount Novarupta is 100 miles off Kodiak [182]. 

14 Data about natural disasters on islands is available at: https://www.emdat.be/. 

15 The Reiner Lemoine Institut developed an optimization tool to obtain the techno-economic renewable energy potential of 

1,785 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 [75].   

https://www.emdat.be/
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would allow the installation of small turbines of between 20 - 50 kW16. Their potential to 

produce biomass and biofuel is also great, because of the number of coconut trees that grow 

on the islands (1,600 ha) [151]. 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 [193]. Nevertheless, in Tuvalu and Tokelau, biomass production is conditioned 

by high labor and transportation costs [150,151]. The Galapagos Islands are one of the most 

suitable areas to install solar thermal and PV technologies in Ecuador [194]. There is no 

information on biomass resources but biofuel generation is the most costly RE alternative 

because jatropha is cultivated on the mainland (i.e. jatropha production cost: 66.94 

USc/kWh, biofuel generation cost: 24.50 USc/kWh) [171]17. 

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 [75]. As an example, in the 

Aegean region, where Ikaria is located, the mean wind speeds range from between 7 to 9 

m/s [195]. The solar potential is more than 5 kWh/m2/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 [196]. 

The Caribbean islands can introduce 1.25 GW of wind capacity and 905 MWp of solar 

capacity [75]. In the small Caribbean islands in the east, wind speeds are between 8 to 9 m/s 

in the dry season (May to November) and between 6 to 7 m/s in the wet season (December 

to April) [197]. Finally, RE potential in the Indian Ocean Islands is: 319 MW of wind power 

and 704 MWp of solar power [75]. 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 [198]. 

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 [199]. This means 

that only those islands with a high and medium elevation can install hydro and pumped 

storage power plants [200]. 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 [201]. 

These islands, which are not suitable for installing ground intensive energy systems, have 

the opportunity to install roof systems [200]. 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 [68], the efforts made to 

introduce RE (explained in section 3.7) in the generation mix deserves recognition, 

especially when the size, geography and protected natural areas of small islands limit the 

integration of RE. 

 
16 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 [151]. 

17 http://www.iica.int/es/prensa/noticias/premio-“are-award-2017”-para-el-proyecto-piñón-de-manabí-para-galápagos. 

 

http://www.iica.int/es/prensa/noticias/premio-
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3.4.4 Economy  

There is a strong compelling between GDP and energy consumption [200,202,203]. An 

increase of 1% in capital increases the elasticity of GDP by 0.85% related to energy 

consumption [203]. Thus, economic activities are a fundamental factor in calculating the 

renewable systems on islands properly [200]. Table 3.2 details the economic data of the 

islands analyzed.  

According to Blechinger et al. [75], 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. [95] identified 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 (6,976 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 [182,204]. The seafood industry impact on Alaska’s economy was $262 

million US for the period between 2015 and 2016 [205]. In the Seychelles, one of the countries 

with the highest income in Africa, the services sector represents 81% of GDP (including 

tourism) [155] which consumes 55% of the electricity supplied (324 GWh/year) [190]. This 

archipelago has an electricity demand (3,472 kWh per capita/year) very similar to the Island 

of El Hierro (3,233 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 [179]. The current growth rate of this sector is 

unsustainable as it demands an increase in public services and other resources [152,179]. In 

2014 alone, the number of tourists was 215,691, almost seven times the population of the 

island that year [152]18. This reveals the same fact that other authors concluded in [206,207]: 

small islands with attractive tourism have a high rate of economic growth together with a 

high level of electricity consumption. 

 

 

 

 

 

 

 

 

 

 
18 http://www.ecuadorencifras.gob.ec/proyecciones-poblacionales/. 

http://www.ecuadorencifras.gob.ec/proyecciones-poblacionales/
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Table 3.2. GDP and economic activity. 

Country 
Location 

(ocean or sea) 
Name  

Island 

GDP 

(million 

USD) 

GDP per capita 

(USD) 
Economic Activity Source 

Spain Atlantic El Hierro 371 24,985 Tourism [149,208] 

Portugal Atlantic Graciosa 96 19,331 

Agriculture, 

silviculture, fishing and 

a developing tourism 

sector 

[149,177] 

SIDS 

Associate 

Member 

Pacific Tokelau 10 7,087 
Public administration 

and commerce 
[133,150,193]19  

SIDS Pacific Tuvalu 40 3,710 
Public administration 

and commerce 
[133,151,209] 

Ecuador Pacific Galapagos 

Santa Cruz 122 7,993 

Fishing, tourism and 

science 
[149,152] San Cristobal 66 8,702 

Isabela 32 13,843 

United 

States 
Pacific Kodiak  445 31,900 Fishing and services [149,182] 

United 

Kingdom, 

SIDS 

Associate 

Member  

Caribbean Necker  
N/A* N/A 

Tourism and financial 

services 
[210] 

Greece Mediterranean Ikaria  239 34,794 

Tourism, agriculture, 

farming and services 

(transport, health, 

education) 

[149,211] 

Australia Indian Ocean 
King 

Island 
 10 5,160 

Agriculture, 

silviculture, fishing and 

a developing tourism 

sector 

[133,149,212,213] 

SIDS Indian Ocean Seychelles 

Mahé 484 6,223 
Services (tourism 

included) industry and 

agriculture 

[149]20 Praslin 71 9,346 

La Digue 14 5,451 

* N/A Information is not available. 

 

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 [151]. One feature shared by SIDS is their high external financial 

dependency, mostly on migrant remittances and Official Development Assistance – ODA 

[67,141]. In terms of financing, market and governance, Tuvalu has made less progress than 

other Pacific SIDS [201]. From 1997 to 2017, Tuvalu received $373 million US from donors, 

and the ODA per capita was $2,368 US in 2017, twice as much as in 199721. The big differences 

 
19 http://www.tokelau.org.nz/Bulletin/April+2017/GDP+first.html. 

20 http://thecommonwealth.org/our-member-countries/seychelles. 

21 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. 

 

http://www.tokelau.org.nz/Bulletin/April+2017/GDP+first.html
http://thecommonwealth.org/our-member-countries/seychelles
https://data.worldbank.org/indicator/DT.ODA.ODAT.CD
https://data.worldbank.org/indicator/DT.ODA.ODAT.PC.ZS
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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 their development. 

3.5 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 3.3 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 population 

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 [106,201] 

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 [214,215]. The current strategies of energy planning involve the link between RE and 

EE [146,208,214,216].  

Table 3.3. Islands’ policies. 

Name  Policy/Initiative Goal Source 

El Hierro  The White Book and the EU Action Plan  To ensure energy supply with renewable sources [176,217] 

 Island Management Plan of El Hierro To reach 100% of renewable energy generation 

Graciosa  

 

To reach 100% renewable energy use [218] 

Tokelau   Tokelau National Energy Policy and 

Strategic Action Plan (NEPSAP) 2004 

To exploit the natural resources of the islands to 

reduce fuel imports for power generation 

[150,219]  

 Tokelau National Strategic Plan 2010 to 2015 To improve energy efficiency and to integrate 

renewable energy into the energy mix. 

 Tokelau Renewable Energy Project (TREP) To reach 100% of renewable energy generation 

Tuvalu  Tuvalu National Energy Policy (TNEP) 

(2009) 

Master Plan for Renewable Electricity and 

Energy Efficiency in Tuvalu 2012-2021 

“Enetise Tutumau” 
 

To generate 100% renewable electricity by 2020. 

To increase energy efficiency on Funafuti by 30% 

[151] 

Galapagos  Galapagos Islands Zero Fossil Fuel Initiative To reach 100% of renewable energy generation 

(without a specific year to achieve it) 

[220] 

Kodiak  Alaska aims for 50% of renewable energy 

generation by 2025 

Through the Pillar Mountain Project: to produce 

95% of its energy from renewable sources and to 

reduce the dependence on diesel and the 

electricity production costs 

[204] 
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Necker  Initiative of Richard Branson (island owner)  To reach 100% of renewable energy generation [221] 

Ikaria  National policy to reach 20% of renewable 

generation by 2020 and 40% by 2040  

  [211] 

King 

Island 

 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) 

Reduce the dependence on diesel, provide 

reliable and quality electricity supply and the 

Community Service Obligation subsidy in the 

longer term 

[153,222] 

Seychelles  The energy matrix will be diversified in the 

long term.  

 To reach 100% renewable energy: 5% by 2020 and 

the other 15% by 2030 

[133,155] 

 

Nevertheless, only those islands belonging to developed countries are achieving their 

goals. As in other contexts [223], the least developed islands did not consider their socio-

economic conditions and geographical features in drawing up reliable and realistic policies. 

Figure 3.1 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” [146]. There are two more initiatives to strengthen the package: 

“Clean Energy for EU Islands” and “Smart Islands Initiative” [214]. 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” 

[215]. SIDS have not been able to achieve their own targets due to lack of funding as well as 

the tendency of islanders to increase their electricity consumption [106,151]. Only Tokelau 

has achieved 70% of RE share due to its very low electricity consumption. However, the 

New Zealand government could not fund a biofuel power plant to complement the PV 

system [106]. Tuvalu has a really high electricity consumption compared with the case 

studies and its level of development is the lowest of the group ($3,710 US/cap). This makes 

it hard to achieve a high RE share. Weir [106] 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. 
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Figure 3.1. Renewable energy penetration vs demand per capita. 

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 [182,224]. In addition, in Tuvalu, Galapagos and Seychelles, the access rate to 

electricity is 99%22, 99.83% and 98% (one of the highest rates in the Indian Ocean SIDS) 

respectively [190,225,226]. In SIDS, there seems to be constant competitiveness between 

access to electricity and RE targets. The government provides subsidies to clients connected 

to the grid but not for rural electrification [131]. According 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 electricity as a right within their 

national policies [40,227]. In this case, where centralized HRMGs (defined in section 3.3.2.) 

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 investment, together with the inherent barriers of 

their nature [131,201]. 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.  

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

https://islands.irena.org/RE-Progress/Country-Profiles
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3.6 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 companies and between them and cooperation agencies, as well 

as the many possible ways of distributing tasks. Five models have been identified in this 

research: public, public – private partnership, public – private – community-based 

partnership, public with international cooperation, and public – private partnership with 

international cooperation. 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 mechanisms 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 3.4 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 [228]. 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 [229]. 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) [211,230]. 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.)23. 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 

sector24. The participation of private parties has made Ikaria move at a rapid pace to 

achieve a high RE penetration.  

 
23 https://www.deddie.gr/en/deddie/i-etaireia/profil/. 

24 https://www.ppcr.gr/en/company/profile-background-strategy. 

https://www.deddie.gr/en/deddie/i-etaireia/profil/
https://www.ppcr.gr/en/company/profile-background-strategy
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- 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 [231]. In KEA, each customer is a co-

owner of the company and has active participation in the decision making [232]. It is the 

only example in which a community is fully involved in RE projects. Indeed, Neves et 

al. [95] 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 [228] 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 deregulated electricity market, on King Island, the 

introduction of REs was achieved before 2015 when the electricity market was centralized 

[228,233]. 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 Edition25,26 (a company that invests in luxury hotels 

also owned by Mr. Branson) [221]27 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 [234]. However, a recently launched regulation (2018) is fostering 

new financing mechanisms to expand RE [235]. 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 renewables and fuel technologies are operating within a single 

system. The economic wealth of Virgin Limited Edition and its owner encourages greater 

private participation. 

 

 

 

 

 
25 https://www.virginlimitededition.com/en/about-us. 

26 The Carbon Warm Room (a non-profit organization founded by Richard Branson) supported this partnership. Available at: 

https://www.businesswire.com/news/home/20140204006598/en/NRG-Energy-Signs-Deal-Virgin-Limited-

Edition#.VMR_pf7F_1Y. 

27 The Commonwealth laws require non-resident owners to build a resort on their islands. Otherwise the British 

government may claim them [153]. 

https://www.virginlimitededition.com/en/about-us
https://www.businesswire.com/news/home/20140204006598/en/NRG-Energy-Signs-Deal-Virgin-Limited-Edition#.VMR_pf7F_1Y
https://www.businesswire.com/news/home/20140204006598/en/NRG-Energy-Signs-Deal-Virgin-Limited-Edition#.VMR_pf7F_1Y
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Table 3.4a. Business models for renewable energy. 

Name 
 

Project / Kickoff Business 

Model 

Promotion Tools, 

Funding and 

Viability  

Promoters & Funders Initial cost Implementing 

company 

O&M Source 

  Public Private Others 
 

El Hierro   Hydroelectric Power 

Plant “El Hierro” 

(2014) 

Public - 

private 

Local goal, tendering, 

auctions, standard 

subsidies 

Canary Islands Council 

(Municipality of Porto 

Novo), Technological 

Institute of the Canary 

Islands (ITC), Institute for 

Diversification and Saving 

of Energy (IDAE)  

Endesa Ltd.   $93 million US Gorona del Viento 

El Hierro Ltd. 

Gorona del Viento 

El Hierro Ltd.  

[133,176,236,237]  

Graciosa   The Graciosa Project Public - 

private 

Local and national goal, 

PPA, grants  

Entidade Reguladora dos 

Servicios Energéticos 

(ERSE) (guarantees 

payments and decides 

PPAs), EDA (energy sales), 

Agency for the Promotion 

of Investment in the Azores 

(APIA) 

Younicos AG   $27 million US Younicos AG Maintenance 

Agreement (not 

available details) 

[229,238] 

Tokelau   TREP (2012) Public with 

international 

cooperation 

National Goal Government of Tokelau    The New Zealand Ministry 

of Foreign Affairs and Trade 

(MFAT) 

$6.93 million US N/A Department of 

Energy (DoE), 

Taupulegas 

[133,150,219] 

Tuvalu  Funafuti  The Tuvalu Solar 

Power Project (2006) 

Public - 

private with 

international 

cooperation 

National Goal Ministry of Public Utilities, 

The Tuvalu Electricity 

Corporation (TEC)  

The Kansai Electric 

Power Company, e8 

Secretariat, Tokyo 

Electric Power 

Company (TEPCO)  

Government of Japan, 

Pacific Power Association 

(PPA)  

N/A   Japanese Sumitomo 

Densetsu Company  

TEC [151,239] 

 Solar Space Creation 

Project (2015) 

Public with 

international 

cooperation 

National Goal Government of Tuvalu  United Arab Emirates (UAE) 

-Pacific Partnership Fund, 

Abu Dhabi Fund for 

Development (ADFD) 

$50 million US Masdar Mubadala 

Company 

TEC [133,151,240,241] 

Vaitupu  The Tuvalu 

Photovoltaic Electricity 

Network Integration 

Project (2009) 

Public with 

international 

cooperation 

National Goal Government of Tuvalu, 

TEC, Tuvalu Department of 

Energy 

  Government of Italy and 

Austria, International Union 

for Conservation of Nature 

(IUCN) 

$800,000 US N/A TEC [133,151] 
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Table 3.4b. Business models for renewable energy. 

Name   Project / 

Kickoff 

Business 

Model 

Promotion 

Tools, Funding 

and Viability  

Promoters & Funders Initial cost Implementing 

company 

O&M Source 

  Public Private Others 
 

Galapagos San 

Cristobal 

Wind farm San 

Cristobal (2007) 

Public - 

private with 

international 

cooperation 

National Goal, trust 

fund, voluntary 

donations from taxes, 

Clean Development 

Mechanism (CDM) 

(2008), feed-in tariff, 

subsidies 

Ministry of Electricity and 

Renewable Energy 

(MEER), Provincial 

Electricity Company 

Galapagos 

ELECGALAPAGOS, 

Municipality of San 

Cristobal 

Global Sustainable 

Electricity Partnership 

(GSEP) 

United Nations 

Foundation (UNF), United 

Nation Development 

Program (UNDP) 

$10 million US EOLICSA (today part of 

ELECGALAPAGOS), UNPD 

 ELECGALAPAGOS  
[180]

28
 

  Santa Cruz – 

Baltra 

Wind farm Baltra 

and the 

transmission line 

Baltra - Santa Cruz 

(2015) 

Public with 

international 

cooperation 

National Goal, MDL, 

trust fund  

MEER, 

ELECGALAPAGOS, 

Electricity Corporation of 

Ecuador (CELEC-EP) 

through the business unit 

Transelectric  

  Global Environment 

Facility (GEF), UNF, 

UNDP, Germany 

International Cooperation 

Agency (GIZ) 

$27.66 million US MEER, CELEC-EP, 

ELECGALAPAGOS, UNDP, 

Unison - LeoKonKorea 

ELECGALAPAGOS [224] 

    Photovoltaic Project 

Puerto Ayora 

(2014) 

Public with 

international 

cooperation 

National Goal MEER, 

ELECGALAPAGOS  

  Korea International 

Cooperation Agency 

(KOICA) 

$10.6 million US MEER, ELECGALAPAGOS, 

KOICA 

ELECGALAPAGOS [242] 

    Photovoltaic 

System with 

storage batteries in 

Baltra (2016) 

Public with 

international 

cooperation 

National Goal MEER, 

ELECGALAPAGOS  

  Japan International 

Cooperation Agency 

(JICA) 

$10 million US MEER, ELECGALAPAGOS, 

JICA 

ELECGALAPAGOS [224] 

  Isabela Hybrid System 

Isabela (ongoing) 

Public with 

international 

cooperation 

National Goal MEER, 

ELECGALAPAGOS  

  Government of Germany 

through the German 

Development Bank –KfW 

$11.5 million US MEER, ELECGALAPAGOS, 

KfW, Lahmeyer International 

Ltd., Siemens Ltd. and Siemens 

AG 

ELECGALAPAGOS [242] 

  Floreana Hybrid electricity 

generation system 

(diesel, biodiesel 

and photovoltaic 

energy in Floreana 

(2011) 

Public with 

international 

cooperation 

National Goal, trust 

fund 

MEER, 

ELECGALAPAGOS, 

National Institute for 

Agricultural Research 

(INIAP) 

  UNDP, German Federal 

Ministry for the 

Environment, Nature 

Conservation and Nuclear 

Safety (BMU), GIZ, Inter-

American Institute for 

Cooperation on 

Agriculture (IICA) 

 N/A MEER, ELECGALAPAGOS, 

UNDP, IICA 

ELECGALAPAGOS [224,243]  

 

 
28 http://www.gsep-ppp.org/case-studies/san-cristobal-galapagos-wind-power-project/. 

 

http://www.gsep-ppp.org/case-studies/san-cristobal-galapagos-wind-power-project/
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Table 3.4c. Business models for renewable energy. 

Name 
 

Project / Kickoff Business 

Model 

Promotion Tools, 

Funding and 

Viability  

Promoters & Funders Initial cost Implementing 

company 

O&M Source 

  Public Private Others 
 

Kodiak   Pillar Mountain 

Project (Wind 

farm) (2009 and 

2012) 

Public - 

private – 

community-

based 

National Goal, clean 

RE bonds (CREBs), 

trust fund, subsidies  

Alaska 

Energy Authority 

KEA, Co-Bank, 

Younicos AG 

Community $59 million US  KEA, Younicos 

AG 

KEA, Younicos 

AG 
[204,231]

29
 

Necker   Necker Island 

Project (2014) 

Public-

private 

Local goal, bids, 

Request for Proposal 

(RFP)  

 BVIEC Virgin Limited 

Edition, NRG 

Energy 

  N/A NRG Energy NRG Energy, 

BVIEC 

[153,221] 

Ikaria   Hybrid Energy 

Project (2012) 

Public-

private 

National Goal, fund, 

feed-in tariff 

PPC Ltd.., PPC 

Renewables Ltd. 

(PPCR) 

 N/A   $46 million US PPCR Ltda., 

other private 

partners  

HEDNO Ltd. 
[211,244,245]

30
 

King 

Island 

  KIREIP (1998, 

2003, 2008 and 

2014) 

Public National Goal, 

subsidies, government 

taxes on coal (July 

2012 and 2014) 

Government of 

Australia and 

Tasmania, Hydro 

Tasmania, Australian 

Renewable Energy 

Agency (ARENA) 

    $22 million US Hydro Tasmania, 

Entura, 

Momentum 

energy 

Hydro 

Tasmania 
[133,153,212]

31
 

Seychelles   Port Victoria Wind 

Farm (2014) 

Public with 

international 

cooperation 

National Goal Government of 

Seychelles 

  UAE-Pacific Partnership 

Fund, ADFD 

$28 million US Masdar 

Mubadala 

Company  

Public Utilities 

Corporation 

(PUC) 

[133,246]
32

 

 
29 https://www.hydroworld.com/articles/2009/03/alaska-electric-association-buys-225-mw-terror-lake.html. 
30 https://www.mfa.gr/cyprus/en/about-greece/energy-and-environment/energy.html. 
31 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. 
32 http://www.puc.sc/about-our-network/. 

 

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.html
http://www.kingislandrenewableenergy.com.au/project-information/overview
http://www.puc.sc/about-our-network/
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The electricity markets of the Galapagos Islands 33  and SIDS 34  have tended to be 

conservative and reflect vertically integrated natural monopolies [144,201,247–249]. In most 

cases, the market structure has influenced their business models which have been public 

with international 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 [141]. 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 [67,250]. Nevertheless, this dependency is 

worrying due to its unfavorable impact on debt accumulation and private investment 

[141,250], even more, when private investment is being promoted by global policies and the 

2030 Agenda. This research agrees with other scientific results [201,251] 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 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 [252]. 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 [201] 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 capacities and increasing private 

participation to be prioritized, especially when financial assistance promotes their 

companies and local technologies. This is the case of the German companies Lahmeyer and 

 
33 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 

[247,248]. Having a centralized electricity sector, the private funding of renewable projects is limited here, whereas 

international aid has been strengthened. 

34 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 [151]. 
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Siemens in the Galapagos Islands35 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 [224,240,246].  

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 [253] 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 [145]. 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. 

3.7 Configuration of hybrid renewable mini-grids  

Mature technologies have favored the RE sector development globally. In the islands 

analyzed, the processes of hybridization of thermal power plants with renewable resources 

began more than a decade ago. Table 3.5 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 represents a minimal part of the wind and solar global potential 

estimated in [75], 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 [254,255]. 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 traditional diesel technology [95]. PV has a greater presence on the Pacific 

islands and hydroelectric power plants on islands with high elevations (between 1,000 and 

1,500 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 combined, 

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, 

investment 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: 

 
35 In the Galapagos islands: the Baltra PV plant was financed by the Government 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. 
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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)36, and a thermal power plant of 11.36 MW (it is used as a backup 

system) [176]. Pumped storage helps power systems to achieve high wind penetration [254]. 

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 1,765 liters of diesel and avoids the emission of 

3 tons of CO2 into the atmosphere [256]. In recent years, RE has increased due to 

improvements in control strategies to regulate frequency deviations [257]. The pumped 

hydro, wind and control systems have cost $3,230 US/installed kW (see Tables: 3.4a, 3.5), a 

high value for a relatively small system which reflects that this project would not be possible 

without public and private financing [145] 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 [176]. It is worth mentioning that the 

Canary Islands government has been working on water desalination for more than 50 years. 

This water is for human consumption, agriculture and electricity production [258]37. On the 

island of El Hierro, there are four public desalination plants, whose electricity consumption 

is 9% of the total demand [259,260]. In contrast, the island of San Cristobal (Galapagos) has 

a hydro-potential of 140 m3/year in El Cerro Gato (lakewater) [261], but the national 

government 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 

institutions38. In San Cristobal, the wind farm alone has cost $4,200 US/installed kW (see 

Tables: 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 [90] 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 flywheels and batteries is 

falling to levels much closer to pumped storage systems [90,145,262]. In terms of LCOE, 

pumped storage is the cheapest option ($136 US/MWh) [90]. In islands where it is not 

possible to install pumped storage plants, batteries are the low-cost alternative [145], 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 [148,263–266]. Batteries may lead to a substantial cost reduction 

especially in islands with a high irradiation [148]. 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 [267]. On small islands worldwide, with a 

 
36 The surplus of wind energy is used to pump desalinated water from the lower reservoir, with a capacity of 150,000 m3, to 

the upper one, a natural crater called La Caldera, with a capacity of 380,000 m3. 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 [176]. 

37 http://www.gobiernodecanarias.org/noticias/agpa/Aguas/24759/canarias-319-desaladoras-capacidad-produccion-agua-

potable-superior-660.000-m-dia. 

38 From an interview with technical assistants of Renewable Energy Directorate of Ministry of Electricity and Renewable 

Energy from Ecuador (October, 2018). 

http://www.gobiernodecanarias.org/noticias/agpa/Aguas/24759/canarias-319-desaladoras-capacidad-produccion-agua-potable-superior-660.000-m-dia
http://www.gobiernodecanarias.org/noticias/agpa/Aguas/24759/canarias-319-desaladoras-capacidad-produccion-agua-potable-superior-660.000-m-dia
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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 [148]. However, the environmental 

benefits related to the use of batteries could be minimized 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 [268]. In developed countries, lead acid batteries are 

entirely recycled, but this is costly and more difficult to implement in less developed 

economies [269]. 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 [270]. 

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 MW39 and a battery storage system of 4.3 MWh 

[224,271]. Santa Cruz and Baltra are interconnected through a 51.4 km cable40. The storage 

system is hybrid and very innovative technologically [272]. 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 fluctuations [224]. 

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 5,150 tons of CO2  into the atmosphere [273,274]. 

 

 

 
39 It is made up of three wind turbines of 750 kW each one [224]. 

40 It includes an submarine cable of 900 m that crosses the Itabaca channel  [224]. 
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Table 3.5. Configuration of hybrid mini-grids. 

Name 

Wind 

(MW) 

PV 

(MWp) 

Hydroelectric      Pumping (MW)                 

(MW)  Diesel (MW) 
Biodiesel 

(MW) 

Batteries 

(Pb, lead-acid) 

Total 

Power 

(MW) 

RE (%) Demand Source 

       
(Li, lithium-ion) 

/Flywheel 
    (MWh/year) (kWh/capita/ year) 

Peak demand 

(MW) 
  

El Hierro   11.5   11.3 (Desalination) 6  11.36     34.16 70 - 100 48,000 3,232.54 7.6 [153,176,236,256] 

Graciosa   4.5 1      4.61   4 MW/3.2 MWh 10.11 70 - 100 14,000 2,819.17 3 [229,238,275] 

Tokelau  

Fakaofo   0.365      N/A  Pb 3.37 MWh 

1 70 

255.1 

479.80 

0.0512 

[106,150,193,219,225,276]  Atafu   0.3      N/A  Pb 2.76 MWh 201.8 0.038 

Nukunomu   0.265      N/A  Pb 2.45 MWh 219.4 0.0367 

Tuvalu 

Funafuti   
2.065

41
 

     2,345     

4.87 8.2 6,400 593.58 0.936  [151,225,239,240]  
Vaitupu          0.26     

Others          0.13 – 0.201     

Galapagos San Cristobal 2.4       
8.3     10.7 

8.2 14,400 

1,475.19 

3.37 (2016) 

[224,273,277,278] 

  Santa Cruz – Baltra 2.25 1.567      
13.9   

Pb 4 MWh                       

Li 0.268 MWh 

17.71 
20 27,850 9.28 (2016) 

  Isabela    0.952      
2.3    Li 0.66 MW/0.33 MWh 3.25 

N/A 4,540 1 (2016) 

  Floreana   0.21      
0.15 0,138 Pb 0.096 MWh 0.31 

57 197 0.076 (2016) 

Kodiak   9   11,5 (Lakewater)    33   3 MW/0.75 MWh 53.5 100 94,800 6,976.46 27 [204,231,279]42 

Necker   0.9 0.3      0.96   0.5 MWh 2.16 80 N/A - 0.4 [153,221] 

Ikaria   2.7 1.04 4.15 (Rainwater) 3  12.16     23.05 60 - 70 29,000 4,221.87 9 (2012) [211,230,245,280]   

King Island   2.4 0.1       6 N/A 
Pb 3MW/1.5 MWh 

Flywheels – 2MVA 
8.55 65 12,000 6,191.75 2.5 [133,153,222] 

Seychelles 

Mahé (Romainville, Ile 

du Port) 
6         71     77 

8 324,300 3,472.16 
50 

[154,198,246] 

Praslin - La Digue           13     13 7 

 
41 Total renewable capacity installed in Tuvalu. Available at: https://islands.irena.org/RE-Progress/Country-Profiles. 

42 http://www.kodiakelectric.com/generation.html. 

 

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


 Off-Grid Renewable Energy Solutions in Fragile Environments: Applications for a Sustainable Future 

 

78 

 

Flywheels are fast-responding (milliseconds or seconds to minutes) which make them 

suitable for hybrid power systems [90]. For example, on King Island, the power system 

consists of 6 MW of thermal generators (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 flywheels43 whose performance is even higher through a 1.5 

MWh battery bank [153,222]. In fact, a battery-flywheel system can increase the battery’s 

lifetime significantly [281]. 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 [133]. 

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 SIDS44 are flat and small, and have a high-density population, and the 

Seychelles45 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 generation (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 [95] (e.g., San Cristobal - the Galapagos Islands). 

On these islands where only desalinated water may be used for pumping systems, there are 

two main barriers: the initial investment capacity and the large amount of electricity 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-

 
43 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. 

44 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 1,300 tons of CO2 to the environment [133,193]. Before the 

implementation 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) [150]. 

45
 In the Seychelles, the construction of a wind farm with eight wind turbines (0.75 MW each): five on Romainville and three 

on Ile du Port (two artificial islands on the coast of Mahé) [246]. Mahé is interconnected with the rest of the islands (Praslin, La 

Digue, Romainville, Ile du Port) by means of a submarine cable connection [133,198]. 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 CO2 [246]. 
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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. 

3.8 Results and discussion  

3.8.1 Overview of business models  

In island areas where energy is generated with HRMGs, business models define the 

way these systems are financed, initiated, planned, implemented and operated [282]. 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 

community 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 [283]. 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. Figure 3.2 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 of public 

and private sectors and even of 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 regulatory 

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 
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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 

characteristics 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) [279]. In the Galapagos Islands, where a public with 

international cooperation was applied, the subsidized LCOE is 24.31 USc/kWh [284]. The RE 

share is on average 17% [285]. 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) [284]. Islands should audit their projects to foster decision making in policies 

and business models based on real market conditions. 

 

Figure 3.2. Business models for HRMGs implementation vs RE share. 
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For the deployment of renewable energy, a great variety of incentives 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 [286,287], decreasing the 

risk in those countries in which this is typically high [287]. This mechanism has replaced the 

application of feed-in tariffs in so many countries including the least developed [287,288]. 

This model has shown that it is possible to reactivate the electrical power sector, previously 

based on feed-in tariffs [286]. 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 [287]. Moreover, the 

RESCO approach has been successfully implemented on the island of Graciosa through a 

shared savings 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 [275]. 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 [106,144,190]. Moreover, these islands will not achieve their targets if these 

targets only 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 implementation of projects could improve if the community 

takes part in understanding the contexts and decision making.  

 

According to Amit and Zott [289], business models are designed based on four 

antecedents: goals, template, stakeholders and environmental constraints. As another study 

demonstrated [253], 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.  
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- 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 institutional 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 [151,290]. 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 success 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. However, 

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 

supporting the energy transition of small islands, and the definition of suitable business 

models according to the context of the least developed islands. 

3.8.2 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 between supply and demand, lower electricity prices and acquiring 

responsibilities 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 3.6 shows these factors: 
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Table 3.6. Key factors for the implementation of hybrid renewable mini-grids. 

Key factors Category 

    

Level of dependency of thermal power generation Size, remoteness and insularity 

Real cost of electricity generation (without subsidies)   

Available land for use   

    

Definition of the area available to install RE projects/Protection of 

biodiversity 

Environmental  

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 access to 

electricity 

Political, institutional, 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 

interconnection 

Technical 

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  

 

Considering the factors listed in the planning, design, and implementation 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 

conditions and to solve the previous needs before or during the implementation of the 
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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 (34/6,007) 

without a previous analysis due to the lack of knowledge of PV systems. This cost half a 

million US Dollars [272]. 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 orography 

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 [248]. 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 sustainable outlook.  

3.9 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 lists the key factors for 

the implementation of HRMGs to support planning 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 demonstrated 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 willingness. 

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 technologies. 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.  
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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 framework, 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 investment to solve the 

lack of local capacities and funding. In these territories, 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 

society, and training programs via cooperation strategies with developed islands. This 

transfer of knowledge and experience may be more satisfactory 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.   

 

 

 

 



 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Chapter 4. 

Decarbonizing the Galapagos Islands: Techno-

economic Perspectives for the Hybrid Renewable 

Mini-Grid Baltra–Santa Cruz 



 

 

 

 



 Off-Grid Renewable Energy Solutions in Fragile Environments: Applications for a Sustainable Future 

 

89 

 

4 Decarbonizing the Galapagos Islands: Techno-

Economic Perspectives for the Hybrid Renewable 

Mini-Grid Baltra–Santa Cruz  

 

Abstract 

The fragile ecosystem of the Galapagos Islands is being affected by population growth, 

intensive tourism, the exploitation of local resources and the high consumption of imported 

fossil fuels. This unsustainable development model makes the provision of services such as 

electricity a challenge. This research investigates the hybrid renewable mini-grid Baltra–

Santa Cruz, which represents 62% of the electricity generation mix of the archipelago. This 

study aims to support the Galapagos Zero Fossil Fuel Initiative and the Sustainable 

Development Goal 7 through the reduction in diesel consumption and electricity generation 

costs. To do so, HOMER Pro, a specialized hybrid renewable mini-grid planning tool, is 

used to perform several techno-economic assessments, focusing on different electricity 

demand scenarios. Therefore, multiple pathways are compared to identify the most reliable 

alternatives towards the progressive decarbonization of this hybrid system. The results 

indicate that installing 18.25 MWp of photovoltaic and 20.68 MWh of battery capacity could 

reduce the Levelized Cost of Electricity (LCOE) from 32.06 to 18.95 USc/kWh, increasing the 

renewable energy (RE) share from 18% to 39%. Additionally, the successful application of 

energy efficiency measures would even reduce the LCOE to 17.10 USc/kWh. What is more, 

distributed energy is considered the most attractive way to involve islanders in the energy 

transition process. Finally, this paper offers a comprehensive business model proposal to 

achieve a resilient energy supply, based on a combination of auctions and energy 

community models, which demands high political will, reliable and innovative regulations 

and social awareness about energy use (see Figure 4.1). 
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Figure 4.1. Graphical Abstract. 

4.1 Introduction 

Two decades ago, islands started the transition from only diesel power plants to hybrid 

renewable mini-grids to meet ambitious RE targets [291]. Regarding the current prices of RE 

technologies, hybrid systems are the most cost-effective solution for these territories [292]. 

Nevertheless, only a few islands have achieved self-sufficiency through hybrid power 

systems, e.g., El Hierro and Graciosa islands, where 100% of electricity is generated by RE 

resources. In these developed islands, this positive outcome is the result of suitable policies, 

investment capacity, mechanisms and business models to implement RE projects, local 

human resources and collective awareness about the use of energy, keeping low growth 

rates of electricity demand [292]. For instance, in the Canary archipelago and in the Graciosa 

island, the annual growth rate of electricity demand is 1.35% [293] and 3.9% [95], 

respectively. There are others such as the Tokelau Islands with 70% of RE penetration 

because of their very low electricity consumption (480 kWh/capita/year) [292]. Here, social, 

institutional and financial barriers remain a concern for the implementation of RE projects 

[106]. On the other hand, in Martinique and Reunion islands, RE introduction is limited to 

30% due to stability issues [257,294]. In Reunion Island, more than 60% of electricity 

generation comes from coal-fired and oil power plants and the electricity consumption 

increases by 2.5% per year [147]. Here, technical conditions have a considerable influence 

on political choices. For the least-developed islands, such as the Pacific Islands, political 

willingness, the lack of funding and local capacities are major barriers for RE introduction 

[292]. For islands, it has been possible to achieve high RE shares; however, more research 

and more specific case studies based on techno-economic perspectives remain needed.  

The present research focuses on the hybrid renewable mini-grid of Baltra–Santa Cruz 

(two interconnected islands), located in the Galapagos archipelago, 1,000 km from the 
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Ecuadorian coast in the Pacific Ocean. Here, 82% of electricity (29 GWh) is generated by a 

diesel power plant, which represents 7.9 million liters of diesel consumption [285]. The RE 

share is only 18% and the annual growth rate of electricity demand is, on average, 7% (2007–

2018) [295]. This value is higher than the growth rates of the aforementioned islands, which 

have achieved high RE shares. In Galapagos, the power sector is a monopoly and energy 

costs are highly subsidized, which affects the competitiveness of RE technologies. For 

instance, the subsidized electricity generation cost is 24.31 USc/kWh, which has not been 

audited to clarify the real cost [284]. Furthermore, Ecuador ranks third in terms of fossil fuel 

subsidies in Latin America [296]. This represents 5.4% of the Ecuadorian Gross Domestic 

Product (GDP) and 14% of the government revenues [297]. The lack of refining capacity 

forces Ecuador to import diesel to generate electricity [298]. Contrary to that, flexible 

support mechanisms at different levels of the energy supply chain can replace subsidies to 

ensure gaps in funding and the implementation of hybrid power systems [162]. This 

highlights that the Galapagos Islands should diversify their energy mix, including the 

exploitation of more RE resources [299] and adequate mechanisms for business [292]. 

Therefore, supporting the 2030 Agenda for Sustainable Development and, specifically, the 

achievement of the SDG7, requires great effort and the implementation of reliable strategies. 

This means that realistic techno-economic proposals and the definition of powerful 

partnerships are needed. Thus, the following research questions arise in this study: 

  

• What is the techno-economic RE potential to support the Agenda for Sustainable 

Development?  

• To what extent can energy efficiency support the Agenda for Sustainable Development?  

• Which business models are needed to support the implementation of new RE capacities 

and energy efficiency? 

 

To address these issues, this research applies several techno-economic assessments to 

optimize the hybridization of the Baltra–Santa Cruz power system. Likewise, the 

applicability of distributed generation is evaluated in sectors with high electricity 

consumption. HOMER Pro, the specialized mini-grid planning tool, is used to identify the 

optimal designs. HOMER is the widest simulation and optimization tool for realistic 

applications [300–302], especially in far-flung areas [302]. This research considers technical, 

socio-economic, environmental and political conditions of Baltra and Santa Cruz Islands as 

drivers or inhibitors for RE implementation. This study contributes with a proposal to 

decarbonize the hybrid system of Baltra–Santa Cruz and the identification of distributed 

generation potential, increasing the RE capacity to guarantee the electricity requirements of 

islanders and considering the natural and ecological conditions of the context. Furthermore, 

a business model is presented to facilitate the implementation of RE power and energy 

efficiency means. This paper is structured as follows: Section 4.2 gives an overview of the 

case study; Section 4.3 describes the data and methodology applied. Results and discussion 

are presented in Section 4.4. Section 4.5 shows the business model proposal. Finally, Section 

4.6 presents the conclusions and policy implications. 
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4.2 Galapagos Islands Framework  

The Galapagos archipelago, formed by 19 volcanic islands and 200 islets, was 

recognized as a World Heritage Site by the United Nations Educational, Scientific and 

Cultural Organization (UNESCO) in 1978 [152,303]. Here, 93% of the total area is protected, 

while the remaining is inhabited [152,179]. In 2018, the Galapagos registered 32,000 

inhabitants [304] and 276,000 tourists [305]. The average annual population growth rate is 

7% [304] and it is expected that there will be a tourism growth rate of 8% to 2030 [306]. 

Tourism is the most important economic activity in these islands [307], which is generating 

a conflict between resource conservation and economic development [308]. This activity 

threatens the islands' resilience through its effects on the economy, population growth, 

resource consumption, invasive species arrival and lifestyle of residents [309]. While the 

Ecuadorian government, via the Government Council for the Galapagos Special Regime 

(CGREG), has tried to control the demographic growth [310], the future population growth 

will be linked to the tourism sector [308,310]. The main economic activities related to 

tourism—accommodation, food services and commerce [152]—account for 25% of the 

Galapagos’ GDP ($242.7 million US) [311]. The current economic growth model based on 

tourism has become unsustainable [309], which makes the provision of services, such as 

electricity, more challenging when combating climate change. Only in Santa Cruz Island, 

the electricity consumption is approximately 1,633 kWh/capita/year [295,312]. In fact, the 

Galapagos province presents the second-highest electricity consumption per capita in 

Ecuador [313]. 

4.2.1 Energy Policies Status in the Galapagos Islands  

To preserve the fragile ecosystem of the Galapagos archipelago and to promote its 

sustainable development, the Ecuadorian government launched the Zero Fossil Fuel 

Initiative in 2008. In the electric power sector, this policy focuses on the replacement of fossil 

fuels by RE resources [224]. Thus, the Ministry of Energy and Non-Renewable Natural 

Resources (MERNNR), in cooperation with donor governments, has developed RE projects 

to reduce fossil fuel consumption and CO2 emissions and to avoid fuel spill risk by maritime 

transportation [272]. However, this initiative lacks a clear guide for RE implementation and 

environmental conservation. 

In the Galapagos Islands, the vertically integrated power sector has limited private 

participation by the Electrical Sector Regime Law (1996, modified in 2010) [314] and the 

Organic Law of Public Electricity Service (LOSPEE) (2015) [248]. The LOSPEE only allowed 

RE projects to be funded by the General National Budget. Nevertheless, in 2019, the General 

Regulation of the LOSPEE [315] was published to enable new ways of partnership for the 

RE sector. Thanks to this, mixed and private companies, foreign public entities and 

solidarity and popular economy enterprises can receive concessions to manage and 

implement RE projects. In addition, the Ecuadorian Electricity Master Plan (PME) 2016–2025 

[316] contains the list of priority projects to increase renewable electricity generation. 

Moreover, those possible new partners can propose additional RE initiatives thanks to the 

General Regulation of the LOSPEE. This regulation [315] is based on the targets of the 

National Plan of Development 2017–2021 [317] which prioritize RE resources exploitation to 
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reduce the dependency of fossil fuels. What is more, new companies interested in 

developing RE projects can receive an income-tax-exemption for five years [318].  

As regards distributed generation, the photovoltaic microgeneration to electricity self-

sufficiency for final consumers of electricity regulation [319] and its amendment [320] 

promote the installation of PV systems up to 300 kWp per user in the residential sector and 

below 1,000 kWp per user in the commercial and industrial sectors. This regulation is not 

limited to rooftop PV systems. A net-metering scheme is applied to compensate electricity 

costs. Thanks to this mechanism, consumers are billed for their "net" electricity use and the 

associated costs become credits for the following months if the electricity balance is positive 

for users [319]. The National Rate Schedule for Electricity Companies establishes the tariff 

applied in the different sectors [321]. For instance, to sell electricity or purchase it from the 

grid, the average tariffs applied are 9.8 and 10.30 USc/kWh in the residential and commercial 

sectors, respectively [321]. The PV generator’s capacity corresponds to the annual electricity 

needs of users [319]. 

Additionally, diverse energy efficiency measures have been adopted to reduce 

electricity consumption, such as the replacement of street-lights, light-bulbs and 

refrigerators in the residential sector [322]. Currently, the National Plan for Energy 

Efficiency [274] leads the following actions: The adoption of the Ecuadorian Building 

Standard (NEC) in the residential, commercial and public sectors; the replacement of 

energy-inefficient electrical appliances based on labeling schemes; and the implementation 

of Energy Management Systems based on the standard ISO 50001 in public institutions and 

commercial sector. These measures should help to reduce the consumption of 0.78 million 

barrels of oil equivalent (MBOE) in 2035. Moreover, the Organic Law of Energy Efficiency 

fosters the creation of financing incentives to channel external funds from cooperation 

agencies [323].  

Despite these efforts, according to the First Intended Nationally Determined 

Contribution (INDC) of the Ecuadorian government to the Paris Agreement under the 

United Nations Framework on Climate Change, the Galapagos Islands are becoming much 

more vulnerable due to negative effects of climate change. In fact, the average temperature 

has increased by 1.4 °C and it could be higher than 2 °C, which is the expected temperature 

in the mainland [324]. The Ecuadorian Ministry of Environment (MAE) has stated the 

islands as a priority area to implement adaptation and mitigation plans. Here, 

environmental sustainability, biodiversity conservation and appropriate management of 

natural resources are key factors [325]. As in other Pacific islands [201,326], the Galapagos 

should redirect their plans to develop more RE projects and attain energy identity, reflecting 

their own needs and reducing fossil fuel dependency and electricity demand. Hence, energy 

transition must be accelerated to reduce environmental risks on these islands. 

4.2.2 The Electricity Generation Matrix of the Galapagos Islands 

In the Galapagos Islands, the Electricity Corporation of Ecuador (CELEC EP) manages 

diesel generation and electricity transmission and the Electricity Company Galapagos 

ELECGALAPAGOS manages the renewable generation and electricity distribution. Both 

public companies combine electricity generation tasks through an official agreement, which 

allows ELECGALAPAGOS to reduce its economic deficit, setting its operation and 

maintenance (O&M) costs of generation in the National Interconnected System (SNI) [327]. 
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In the mainland, the average cost of electricity generation is 4 USc/kWh [328]. This very low 

price is explained by the hydroelectricity contribution to the national electricity mix. The 

hydro penetration was 90% in November 2019 [329]. 

In the inhabited islands of the Galapagos, there are four isolated power systems: San 

Cristobal, Baltra and Santa Cruz (two interconnected islands), Isabela and Floreana [272]. In 

2018, the total electricity supply was 57 GWh, of which 16% was produced by renewable 

power plants. The electricity demand was 51 GWh and the diesel consumption was 13 

million liters [285]. The difference between supply and demand corresponds to 10% of 

energy losses in the distribution system and 1% of the electricity consumption of auxiliary 

equipment [285]. Table 4.1 [330] shows the power capacity installed by technology on each 

island. 

Table 4.1. Hybrid power system configuration of the Galapagos Islands. 

Island 
Diesel 

(MW) 

Wind 

(MW) 

PV 

(MWp) 

Diesel 

(MW) 

Biodiesel 

(MW) 

Batteries 

(MWh) 

Total 

(MW) 

San Cristobal 8.99 2.4         11.39 

Santa Cruz-Baltra 13.9 2.25 1.57     4.3 17.72 

Isabela 2.63   0.95     0.33 3.58 

Floreana     0.21 0.15 0.15 0.38 0.51 

 

The most vulnerable Pacific islands have been depending mainly on donor countries 

[331]. In fact, in the Galapagos Islands, RE investment has been covered by the national 

government with the support of donor countries and international cooperation agencies. 

Private participation has been extremely limited because of protectionist policies. The San 

Cristobal Wind Farm (2007) was supported by the Global Sustainable Electricity Partnership 

(GSEP), the United Nations Foundation (UNF) and the United Nation Development 

Program (UNDP). In Floreana, RE initiatives (2011) were funded by the UNDP; the German 

Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU); the 

Germany International Cooperation Agency (GIZ); and the Inter-American Institute for 

Cooperation on Agriculture (IICA). In Santa Cruz, the Korea International Cooperation 

Agency (KOICA) co-financed the PV system of 1.5 MWp (2015). In Baltra, 67 kWp (2016) 

were covered by the Japan International Cooperation Agency (JICA) and the wind farm 

(2014) was co-funded by the Global Environment Facility (GEF), UNF, UNDP and GIZ. In 

Isabela, the hybrid renewable mini-grid is being co-funded by the German government 

through the KfW Development Bank [292]. In this island, the project aims to hybridize the 

thermal power generation (diesel and biodiesel). However, the biodiesel availability, which 

is mainly produced in Ecuador to satisfy the fuel needs of the hybrid system Floreana, is a 

big limitation because of the low production of jatropha [285].  

4.2.3 Hybrid Renewable Mini-Grid Baltra–Santa Cruz 

In Santa Cruz, which is the island that experiences the most tourism, 61% of the 

population in the archipelago resides there [305,312]. Here, implementing sustainable 

strategies would lead to a positive impact on the electricity mix of the Galapagos Islands. 

The present research focuses on the Baltra–Santa Cruz hybrid power system. Baltra and 

Santa Cruz Islands are interconnected by a transmission line of 34.5 kV and 51.4 km of cable. 



Chapter 4. Decarbonizing the Galapagos Islands: Techno-Economic Perspectives for the Hybrid Renewable Mini-Grid Baltra–Santa Cruz 

 

95 

 

This interconnection consists of different segments: 20 km of overhead cable, 21.5 km of 

underground cable, 900 m of submarine cable (crossing the Itabaca channel) and 9 km of 

aluminum cable set up over metal poles [224]. The interconnection line connects 14 MW 

from Baltra to Santa Cruz, while Baltra substation has 10 MW of capacity [332]. This 

infrastructure has cost $14.2 million US ($1,014 US/kW installed) [224].  

Figure 4.2 shows the configuration of the Baltra–Santa Cruz power system. Santa Cruz 

has a PV system of 1.5 MWp and a diesel power plant of 13.9 MW composed of 11 DGs. 

Baltra has a PV system of 67 kWp, a wind farm of 2.5 MW (three wind turbines, each one of 

750 kW) and a battery storage system of 4.3 MWh [272]. The battery bank is hybrid, the lead-

acid batteries (4.03 MWh) store the energy surplus generated by RE systems and the lithium-

ion batteries (0.268 MWh) regulate the energy fluctuations of the wind farm [224]. This is an 

experimental and innovative configuration to strike a balance between performance, size, 

lifetime and storage device costs [333,334]. In 2018, electricity consumption was 32 GWh 

[285] and the peak demand was 7.26 MW [335]. In those islands, according to the PME 2016–

2025 [316], 9.75 MW of wind and 5.34 MWp of PV are planned to be installed by 2023, but 

the projects lack financing. 

  

Figure 4.2. Configuration of the Baltra–Santa Cruz Island system (own elaboration). 

In 2018, this system generated 35 GWh and the RE share was only 18% [285]. The RE 

generation represents a saving of approximately 2.6 million liters/year and a reduction of 

5150 tons of CO2 emissions [274]. In the Galapagos, according to the Ecuadorian Agency for 

Regulation and Control of Electricity (ARCONEL), the electricity service cost is 38.84 

USc/kWh, which includes the cost of electricity generation (24.31 USc/kWh) and the cost of 

electricity distribution (14.53 USc/kWh) [284]. However, in this year alone, the operational 

deficit of generation, which is covered by the National Interconnected System, reached $7.2 

million US [328]. Furthermore, the electricity tariff is, on average, 9.8 USc/kWh for 

residential users and 10.30 USc/kWh for commercial users [321]. The Baltra–Santa Cruz 

power system is highly subsidized in every stage of the electricity service chain. 
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4.3 Materials and Methods  

The techno-economic analysis of the Baltra–Santa Cruz hybrid renewable mini-grid was 

done using HOMER (Hybrid Optimization of Multiple Energy Resources) Pro 3.13.1. This 

specialized mini-grid program was developed by the National Renewable Energy 

Laboratory (NREL) and transferred to a private company. The software allows one to design 

the main components from an energy system and to simulate the dispatch for one reference 

year (hourly increments) based on detailed input data such as load profiles, technology 

generation options, O&M schedules, component costs and RE resources [120]. Simulation, 

optimization and sensitivity analysis are the tasks of this software [121]. The simulation 

analyzes the current operation of a hybrid system, the optimization leads to the least-costly 

system configuration and the sensitivity analysis allows one to analyze the impact of 

sensitivity variables on the energy system [120].  

Researchers widely use HOMER to analyze and optimize hybrid power systems that 

incorporate high introduction of RE technologies in islands. For instance, Demiroren and 

Yilmaz [336] estimated the reduction in the LCOE using RE in Gӧkceada Island, Turkey. As 

a result, introducing grid-connected wind turbines is the cost-optimized solution for this 

location. Padrón et al. [121] assessed hybrid power systems for supplying electricity to 

Autonomous Desalination Systems (ADS) in Lanzarote and Fuerteventura Islands in the 

Canary Archipelago. The authors observed that a PV/wind/DG combination is the most 

techno-economically viable application. Kalinci [337] concluded that the grid/wind (grid-

connected) and the PV/wind/fuel cell (isolated system) are the optimum options to provide 

electricity to Bozcaada Island, Turkey. Ali, Shafiullah and Urmee [338] determined that a 

PV/diesel/battery hybrid system is the most economical and environmentally friendly 

solution for the Hulhumalé Island. What is more, regarding specific evaluations of the 

Galapagos Islands, in reference [339], the optimization of the Baltra–Santa Cruz power 

system was investigated, including induction stoves and electrical vehicles as new loads. 

The findings show that PV is the most feasible alternative to satisfy an additional demand 

and reduce the LCOE. In reference [322], implementing a hybrid solar/biogas system was 

shown to be the recommendable configuration to reduce fossil fuel consumption in the 

inhabited islands. However, most of these studies used limited data and, above all, none of 

these studies considered local conditions to limit the techno-economic assessments. Rosso-

Cerón et al. [340] noted that energy planning is a classic problem of optimization with 

constraints of investment capacity, demand or resources. Moreover, reference [292] 

identified that technical, socio-economic, environmental and political limitations must be 

considered as constraints in energy planning. For instance, in the Galapagos Islands, there 

is a conflict between protected areas and the use of land for RE implementation. This 

research is distinguished from the aforementioned studies because of the consideration of 

the real electric power system constraints and environmental conditions in the planning 

process. The use of the local and reliable information provided by ELECGALAPAGOS 

guarantees the quality of this study. Figure 4.3 shows the workflow of the methodology 

applied based on the HOMER tool. This section describes the input parameters, the energy 

system model, the scenarios applied and the main outcomes of this research. 
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Figure 4.3. The conceptual flow of the HOMER tool. 

4.3.1 Techno-Economic Information 

4.3.1.1 Renewable Energy Resources 

In the Galapagos Islands, solar and wind resources are complementary and negatively 

correlated. This helps to overcome the most common drawbacks of hybrid energy systems: 

Weather, climate change and their unpredictable nature [341]. A recent study showed these 

islands as one of the most suitable areas to install PV projects in Ecuador [194]. Here, the 

maximum daily Global Horizontal solar Irradiation (GHI) is 7.40 kWh/m2, which usually 

takes place in March during the dry season, while the minimum daily GHI is 4.40 kWh/m2 

and occurs in July [342]. On the other hand, the maximum and minimum wind speed 

registered are 7.28 m/s (cold season) and 4.20 m/s (dry season), respectively, at a height of 

50 m on Baltra Island. Table 4.2 shows detailed data on RE resources in the territory [343]. 

Solar and wind data were measured by ELECGALAPAGOS from 2015 to 2016 in Santa Cruz 

and from 2009 to 2018 in Baltra, respectively. Figures 4.4 and 4.5 show the average 

meteorological data introduced in HOMER. 

Table 4.2. Renewable energy resource. 

Resource Average Min Max 

Daily irradiation (kWh/m2/day) 5.70 4.40 7.40 

Wind speed (m/s) 6.36 4.20 7.28 
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Figure 4.4. Average monthly data: Global Horizontal solar Irradiation (kWh/m2/day). 

 

Figure 4.5. Average monthly data: Wind speed (m/s). 

 



Chapter 4. Decarbonizing the Galapagos Islands: Techno-Economic Perspectives for the Hybrid Renewable Mini-Grid Baltra–Santa Cruz 

 

99 

 

4.3.1.2 Load Data 

In 2018, the electricity consumption was 32 GWh in Baltra and Santa Cruz (61% of the 

total electricity demand of the archipelago) [285]. In the same year, the registered peak 

demand was 7.26 MW [335]. There are 7500 users: Residential (5905), commercial (1093, 

including tourist sector), industrial, street lighting and others (other services include water 

pumping, water pumping for rural communities, special clients, electric vehicles, social 

services, public services, rural communities and housing religious groups). The residential 

and commercial users represent 41% and 42% of the electricity consumption, respectively. 

The industrial sector consumes 1% of the total electricity and the remaining portion (16%) 

corresponds to street lighting and other services [344]. Figure 4.6 (monthly load profile) 

shows that the period of higher electricity consumption is from December to May during 

the tourist season [335]. This corresponds to the dry season, which is characterized by higher 

temperatures and sporadic heavy rains [325]. The opposite is observed between June and 

November. In the daily load profile (see Figure 4.7), the higher demand takes place between 

19:00 and 22:00 [335]. For simulation scenarios, the hourly load profile from 2018 was 

introduced in HOMER. These data present a random variability of 9.68% day-to-day and 

6.76% timestep. 

Additionally, to determine the annual growth rate of the electricity demand, the 

monthly statistical data on electricity demand from 2007 to 2018 were analyzed. Then, the 

result is an annual growth rate of 7% [295]. 

 

 

 

Figure 4.6. Monthly load profile of Baltra–Santa Cruz (kW) for 2018. 
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Figure 4.7. Daily load profile of Baltra–Santa Cruz (kW) for 2018. 

For the purpose of this paper, the demand was also analyzed as follows: 

First, as the growth rates of population and tourism are expected to increase by 2030 

(see Section 4.2), it was assumed that the growth rate of electricity demand would keep 

increasing by 7% over 10 years. Therefore, the hourly load profile from 2018 [335] was 

applied as a baseline profile to simulate the demand to 2030, regarding the current annual 

growth rate of electricity demand (7%). As a result, the electricity consumption and the peak 

demand would be 73.7 GWh and 16.35 MW, respectively, in 2030.  

Second, considering that the application of the National Plan for Energy Efficiency [274] 

would provide successful results, a significant reduction in the annual growth rate of 

electricity demand would be obtained. The estimated hypothetical value of this reduction is 

3.5% (half of the current value), which is close to growth rates from other islands, such as El 

Hierro and Graciosa, where tourism plays also a crucial role in development [292]. 

Therefore, an hourly load profile was simulated to 2030, using a growth rate of 3.5%. Then, 

49.45 GWh and 10.97 MW of electricity and peak demand, respectively, would be supplied 

in 2030.  

Third, as the residential and commercial sectors are major consumers in Santa and 

Baltra Islands [344], the feasibility of distributed generation was analyzed, using as baseline 

their load profiles from 2018. In this year, the annual electricity consumption of one 

residential user was, on average, 2,320 kWh [345] and the commercial user consumed, on 

average, 12,575 kWh [346]. Both profiles present the same characteristics as the total load 

profile previously described [335]. 

4.3.1.3 Existing System 

• Photovoltaic and Battery Systems 

In Baltra, the PV system of 67 kWp, whose tilt angle is 11°, is composed of 252 Mitsubishi 

monocrystalline silicon modules (14 series × 18 parallel), each one having 265 Wp [272]. 

There is a Three-phase inverter of 100 kW. The Fuji Electric battery bank works at 448 V. 

There are 1,344 (224 × 6) stationary lead-acid batteries and their cell capacity is 1,500 Ah at 2 
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V each. Likewise, there are 161 (23 × 7) lithium batteries and their cell capacity is 75 Ah at 

22.2 V each. ELECGALAPAGOS controls the state of charge (SOC) of the lead-acid batteries 

(4.03 MWh) between 40% and 100% to store the energy surplus, whereas the SOC of the 

lithium batteries (268 kWh) is controlled between 40% and 60% to regulated energy 

fluctuations [347]. The batteries have a downtime of 144 hours per year according to the 

maintenance plan of ELECGALAPAGOS [348]. This PV system generates approximately 

136 MWh/year, avoiding the emission of 3,600 tons of CO2 [274].  

In Santa Cruz, the Puerto Ayora PV system (1.5 MWp) consists of 6,006 BJ-power 

monocrystalline silicon panels of 250 Wp each. The generator’s tilt angle is 6.5° and the 

performance ratio (PR) is 0.793. There are 91 SMA Sunny Tripower Three-phase inverters 

(17 kW each) and each string has 22 PV modules connected [272]. This PV system produces 

2.4 GWh/year that means 1,500 tons of CO2/year are not emitted to the environment [274].  

• Wind Turbine System 

The Baltra wind farm (2.25 MW) consists of three UNISON U57 turbines of 750 kW each 

and its Hub height is 50 m [224]. Thanks to the ELECGALAPAGOS data, the wind power 

curve [349] has also been characterized in HOMER. This project generates 5.8 GWh/year, 

avoiding the consumption of 1.8 million liters of diesel [274].  

• Gensets and Fuel Consumption 

In off-grid systems, gensets are expected to operate as a backup, but in the Baltra–Santa 

Cruz hybrid renewable mini-grid, these components constitute the main generation system. 

There are four Caterpillar DGs of 650 kW each that have a remaining life of 43,800 hours. 

One Caterpillar genset of 1.1 MW has a remaining life of 90,000 hours. The remaining life of 

six Hyundai DGs (each one of 1.7 MW) is 90,000 hours [330]. The installation cost of a DG is 

approximately $340 US/kW [350]. ELECGALAPAGOS sets the minimal loading of DGs at 

25% [351,352], the value recommended by the manufactures. Following the Maintenance 

Plan of ELECGALAPAGOS in 2018, one Caterpillar and every Hyundai DG are in 

maintenance between 120 and 240 hours. The O&M costs of DGs are $2.5 US/hour, $4.23 

US/hour, $6.55 US/hour for 650 kW, 1.1 MW and 1.7 MW, respectively [348]. 

In 2018, the Baltra–Santa Cruz hybrid system consumed 7.9 million liters of diesel, 

equating to $1.8 million US. In the mainland, the subsidized diesel price is 24 USc/liter 

(including taxes) [353]. Shipping this fuel to Baltra Island costs 12 USc/liter. Thus, the final 

cost of diesel is 36 USc/liter [350]. This is a low price compared to the international market, 

where the fuel price is 56 USc/liter (2018) [354]. Then, the real fuel price would be 80 

USc/liter, adding taxes and shipping costs [350,355]. 

• Biodiesel 

Biodiesel (jatropha oil) was included in this study to analyze another option to optimize 

the Baltra–Santa Cruz generation system. Jatropha is cultivated in Manabí, in the coastal 

region of Ecuador [356]. The Ecuadorian government has tried to promote the local 

production of biodiesel to reduce the dependency on diesel imports and support the 

homeland economy. However, the low levels and high costs of biofuel production make it 

difficult to achieve this target. The amount of jatropha available depends on the harvest and 
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this, in turn, depends on climatic, logistical and social factors [357]. For Floreana Island, the 

smallest of the inhabited islands, 648 liters of biodiesel were supplied in 2018, which 

represent only 1% of the total fuel consumption [285]. The biodiesel cost is $2.31 US/liter 

[358]. In January 2019, a minimum production of 21,900 liters of biodiesel was expected to 

cover less than 20% of the fuel required by the hybrid system located on Floreana island 

[285,359]. Despite this low production, the national government has planned to use biodiesel 

to run DGs in another hybrid system located on Isabela Island. To cover the deficit of the 

Ecuadorian biodiesel market, the Ministry of Energy and ELECGALAPAGOS have started 

to analyze the option of importing biodiesel from China, whose cost is $1.22 US/liter 

(including taxes and transport costs) [355] to replace diesel consumption. 

In this research, both diesel and biodiesel (from Ecuador and China) are considered to 

perform optimization assessments (see Section 4.3.3.). The purpose is to analyze their 

techno-economic feasibility to fuel gensets. 

• Operating reserve 

Regarding stability issues, based on the Ecuadorian Dispatch and Operation Regulation 

006/00 (2000) [360], there is an operating reserve of 15% to regulate frequency and to cover 

system failures: 5% of the reserve is intended to regulate the primary and secondary 

frequency, guaranteeing the reliability and stability of the power system, while the 

remaining 10% is designed to cover large deviations in the system, e.g., systems failures, the 

power output of a genset and load or renewable resource fluctuations. In reference [145], 

the authors asserted that small islands should operate with a rule n-1 diesel unit to increase 

the reliability of the power system. This configuration allows the system to meet the peak 

load without the largest unit in operation. This statement matches with the Ecuadorian 

regulation [360] and practices in terms of generation systems stability [361].  

It should be emphasized that the old 006/00 stability regulation is only based on DGs. 

In Ecuador, there is no specific regulation for hybrid systems that include batteries and DGs. 

In HOMER, 15% of the operating reserve includes both DGs and battery storage systems 

[120]. Generally, the size of a diesel power plant needs to be capable to serve the peak 

demand during a year [362]. However, several studies [363–366] have demonstrated that 

battery energy storage systems can support black starts, voltage and frequency regulation 

and supply the peak load demand. In fact, batteries can ensure that dispatchable power is 

available during periods of peak demand and low RE generation [363]. What is more, there 

are real-life applications on Graciosa, Lanai and Japan’s Oki islands, where battery storage 

systems are used to ensure stability and integration of variable renewables [367]. This is a 

very important factor for the applied scenarios, since the Ecuadorian Zero Fossil Fuel 

Initiative inhibits increasing diesel-power capacity. 

4.3.1.4 Costs 

Table 3 shows the investment, replacement and O&M costs of components. In the 

simulation analyses, investment prices and O&M costs of DGs and RE technologies 

correspond to registered costs by ELECGALAPAGOS [348,350,368]. First, the capital costs 

of previous installations were included in the simulation analysis and these were set at $0 

US in the optimization process. New RE investment includes every cost associated with the 
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installation such as equipment and control systems, wiring, mounting hardware, power 

connection and civil work. For optimizing the island system of Baltra–Santa Cruz, RE 

investment costs have been well-researched. In the international market, RE costs are much 

lower than registered investment costs by ELECGALAPAGOS [348,350,368]. Indeed, there 

is a cost reduction tendency for the coming years. The current PV and wind investment costs 

were taken from reference [83] and batteries costs from reference [87]. Second, a recent study 

[369] presents the future evolution of RE and batteries costs in Latin America. According to 

this study, the investment costs of PV, wind and battery systems would be reduced by 20% 

in the medium term. Third, according to the ELECGALAPAGOS expenditures, the O&M 

costs of RE technologies represent 1.25%/year of the initial investment [348,350]. Thus, for 

the simulation and optimization processes, the replacement and O&M costs represent 80% 

and 1.25%/year of the initial investment [83,87], respectively. Based on the information 

provided by ELECGALAPAGOS, PV replacement cost is 40% of the capital cost alone, 

discounting civil work (37%) and metal structures (3%) [370] and DG replacement cost is the 

same as the capital cost [370]. 

Table 4.3 also shows interconnection costs [224] and distributed energy costs [83,371] 

which are applied in the scenarios described in Section 4.3.3. 

Table 4.3. Economic values for simulation and optimization analyses. 

Component Parameter Unit Simulation Optimization 

Diesel 

Capital USD/kW 340 0 

Replacement USD/kW 340 340 

O&M USD/kW/hour 2.5–6.55 2.5–6.55 

PV 

Capital USD/kWp 10,600 1 1,210 

Replacement USD/kWp 484 484 

O&M USD/kWp/year 15 15 

Wind 

Capital USD/kW 4,485 1,500 

Replacement USD/kW 1,200 1,200 

O&M USD/kW/year 19 19 

Battery 

Capital USD/kWh 856 300 

Replacement USD/kWh 240 240 

O&M USD/kWh/year 3.75 3.75 

Fuel Diesel USD/liter 0.8 0.8 

  
Ecuador-

biodiesel 
USD/liter - 2.31 

  China-biodiesel USD/liter - 1.22 

Others 

Interconnection 

Baltra–Santa 

Cruz 

USD/kW - 1014 

Distributed 

generation 

Capital USD/kW - 1,432 

Replacement USD/kW - 215 

O&M USD/kW/year - 18 
1 This investment cost has been registered and reported by ELECGALAPAGOS [368]. 

 

Finally, in the simulation and optimization analyses, diesel cost was set 80 USc/liter. In 

the biodiesel optimization scenarios, the cost was $2.31 US/liter or $1.22 US/liter. The 
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project’s horizon was set as 20 years. The discount rate was 12% [372] and the inflation rate 

was 0.27% [373]. The lifetime of PV generators, wind turbines and storage systems was set 

as 25, 20 and 15 years, respectively. The technologies described in Section 4.3.1.3. were used 

to perform both simulation and optimization analyses. 

4.3.2 Energy System Model 

HOMER simulated and optimized several configurations of the hybrid power system 

sorted by Net Present Cost [121,300]. To do that, this software performed hundreds or 

thousands of hourly simulations/optimizations, matching supply and demand, to get the 

optimal system [374,375] and the least-costly option, using a proprietary derivate-free 

algorithm [120]. This analysis focused on comparing a wide range of equipment (previously 

described), including different constraints and sensitivities [375]. Firstly, the hybrid system 

was simulated to identify the real LCOE. Then, depending on the optimization scenario, this 

research applied the Advanced HOMER Optimizer or the HOMER Optimizer. The first one 

compares a range of capacities between upper and lower bounds, while the second one does 

not involve capacity limits [120]. The main indicators are defined as follows: 

4.3.2.1 Net Present Cost (NPC) 

The NPC, which is determined in Equation (1), is defined as the present value. The total 

NPC of a system is the present cost of the entire system over its lifetime, subtracting 

revenues. That includes capital, replacement, O&M and fuel costs [120,376].  

𝑁𝑃𝐶 =
𝐶𝑎𝑛𝑛

𝐶𝑅𝐹(𝑖, 𝑁)
 (1) 

where 𝐶𝑎𝑛𝑛 is the total annualized cost (USD/year) and CRF is the capital recovery factor, 

given by Equation (2).  

𝐶𝑅𝐹 (𝑖, 𝑁) =
𝑖 (1 + 𝑖)𝑁

(1 + 𝑖)𝑁 − 1
 (2) 

where i is the annual discount rate (%) and 𝑁 is the project lifetime [120]. 

4.3.2.2 Levelized Cost of Electricity (LCOE) 

LCOE is the average cost per kWh of useful electrical energy produced by the system. 

HOMER divides the 𝐶𝑎𝑛𝑛 by the total electrical load served [120]. 

𝐿𝐶𝑂𝐸 =
𝐶𝑎𝑛𝑛

𝐸𝑠𝑒𝑟𝑣𝑒𝑑,𝐴𝐶𝑝𝑟𝑖𝑚
 (3) 

where Equation (3), 𝐸𝑠𝑒𝑟𝑣𝑒𝑑,𝐴𝐶𝑝𝑟𝑖𝑚 is the ac primary load. 

 

The RE potential of the hybrid system of the Galapagos Islands depends on the techno-

economic feasibility of RE technologies and DG configurations and the demand. 

Furthermore, CO2 emissions result from the electricity produced by diesel generators. For 

the purpose of this paper, making decisions about different scenarios focused on the LCOE, 

taking care of the environmental conditions of these islands. Finally, it is worth mentioning 

that this paper considered a simplification on the batteries systems due to the fact that 
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HOMER is not able to simulate two batteries simultaneously. The only simulated battery 

system considered the technical characteristics of lead-acid batteries (for optimization 

analyses, the maximum depth discharge was set at 70%). 

4.3.3 Description of Scenarios 

This research performed multiple scenarios to provide reliable answers to the 

aforementioned research questions. First, the Baltra–Santa Cruz hybrid system was 

simulated to identify the real cost of electricity supply in 2018. Moreover, two additional 

simulations were performed to cover the projected load to 2030 with a growth rate of 7% 

and 3.5%, respectively. Second, the power system was optimized to cover the demand in 

2030. To do so, “Renewable Energy Potential” (annual growth rate of electricity demand 7%) 

and “Energy Efficiency” (annual growth rate of electricity demand 3.5%) scenarios were 

applied. Furthermore, diesel capacity is not allowed to increase, according to the Zero Fossil 

Fuel Initiative. Third, “Distributed Energy” scenarios were applied to offer an alternative to 

the Zero Fossil Fuel Initiative due to the land use limitation and the necessity of this resource 

from large-scale generation systems. Figure 4.8 shows the different scenarios studied. Then, 

to guarantee the reliability of the optimal solutions, sensitivities analyses were carried out. 

 

Figure 4.8. Simulation, optimization and distributed generation scenarios. 
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4.3.3.1 Status quo Scenarios 

The “Status quo 2018” Scenario analyzes the Baltra–Santa Cruz Island system to 

estimate the real cost of the electricity supply. To do that, renewable energy resources, the 

hourly demand profile, characteristics of the current power system and economic 

information previously described in Section 4.3.1.3. are introduced in HOMER. In 2018, the 

electricity consumption and the peak demand were 32 GWh and 7.26 MW, respectively. 

Table 2 shows the simulation costs applied in this scenario.  

In the “Status quo 7%” Scenario, the electricity demand and the peak demand are 73.7 

GWh and 16.35 MW, respectively. The feasibility of this scenario needs 5% of capacity 

shortage for simulation [377]. In the “Status quo 3.5%” Scenario, the electricity demand is 

49.45 GWh and the peak demand is 10.97 MW, considering the successful implementation 

of the National Plan for Energy Efficiency [274].  

4.3.3.2 Renewable Energy Potential Scenarios 

• Renewable Energy Potential: Boundary Conditions 

Mahesh and Sandhu [341] showed that constraints are a crucial part to determine the 

most suitable solution in optimization processes. However, in most cases, constraints are 

related to technical aspects, e.g., installation capacity, leaving aside environmental or 

political concerns. On the other hand, a recent study [292] focused on hybrid renewable 

mini-grids found that a successful RE implementation requires an in-depth understanding 

of the context. This entails taking into account technical, socio-economic, environmental and 

political criteria to define the limits of planning [292]. This scenario takes as reference these 

recommendations to optimize the hybrid system of Baltra–Santa Cruz through the 

identification of a list of boundary conditions shown in Table 4.4. Here, the 

ELECGALAPAGOS’ Planning Directorate has also supported the definition of the listed 

constraints. In that sense, aspects related to the interconnection between Baltra and Santa 

Cruz, RE technologies, diesel capacity, stability issues and demand are analyzed to define 

the optimization constraints according to the criteria. These conditions are considered to 

limit the optimization process in HOMER. Therefore, HOMER is allowed to optimize the 

total capacity of PV and wind up to 21.83 MW, applying the Advanced HOMER Optimizer 

(see Section 4.3.2.). 

For this scenario, the aim is to supply 73.7 GWh of electricity demand in 2030, 

considering that the current annual growth rate of electricity demand is 7%. In this year, the 

peak demand is 16.35 MW. Hence, three configurations are analyzed: PV + wind + batteries 

+ diesel; PV + wind + batteries + Ecuadorian biodiesel; and PV + wind + batteries + Chinese 

biodiesel. Table 4.3 shows the optimization costs applied. 
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Table 4.4. Boundary conditions to optimize the hybrid system of Baltra–Santa Cruz (own elaboration). 

Factors Technical Socio-Economic Environmental Political Optimization Conditions/Constraints 

Interconnection of 

Baltra–Santa Cruz 

7.83 MW is the remaining capacity 

of the Baltra substation to install 

additional RE power 

Exceeding 7.83 MW involves an 

extra investment cost of $1014 

USD/kW to the RE costs shown 

in Table 4.3 to install additional 

RE capacity 

According to 

ELECGAPAGOS, there is 

not specified the area 

available to install new RE 

power 

 
Install a maximum power of 7.83 MW of PV or wind 

capacity in Baltra to avoid additional costs ($1014 

USD/kW) in RE investment 

RE technologies   
Solar and wind resources 

are seasonally 

complementary 

Galapagos Islands Zero 

Fossil Fuel Initiative aims to 

increase RE capacity 

PV and wind technologies along with battery systems 

are evaluated to optimize the hybrid system Baltra–

Santa Cruz 

   
RE projects for the Galapagos 

Islands lack funding 

 

The General Regulation of 

the LOSPEE (2019) promotes 

private participation to fund 

RE projects 

Table 3 shows optimization costs under market 

conditions. Keeping possible investment within those 

values could foster a free competition in the private 

sector 
    The PME 2016–2025 contains 

the proposal of RE projects 

  

According to ELECGALAPAGOS, 

14 MWp of PV can be installed in 

20 ha in Santa Cruz (based on the 

experience of previous projects) 

 
In Santa Cruz, there is 

available 20 ha for new RE 

projects 

The National Park of the 

Galapagos Islands 

institution makes decisions 

about available areas to 

install RE projects 

Install a maximum power of 14 MWp in Santa Cruz 

Gensets 

Gensets are the main generation 

systems 

Diesel is highly subsidized, 

limiting the competition of RE 

Reduction in CO2 emissions 

According to the Zero Fossil 

Fuel Initiative, gensets 

capacity cannot increase 

Gensets capacity cannot increase 

   

The National Government is 

considering replacing diesel 

with local or Chinese 

biodiesel in Santa Cruz 

Optimize the hybrid system with diesel and biodiesel 

(Ecuadorian and imported from China) 

Stability Operating reserve is 15%   Standard 006/00 
Operating reserve is 15% for both diesel power plants 

and batteries 

Demand 

The optimized hybrid renewable 

power system has to be able to 

cover the demand in 2030 

The annual growth rate of 

electricity demand is 7%, high 

value compared to rates from 

developed islands 

 The targets of the SDG7 

must be achieved in 2030 

Optimize the hybrid system to cover a demand of 73.7 

GWh and 16.35 MW (peak load) in 2030 
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• Renewable Energy Potential: High RE Share 

As the Zero Fossil Fuel Initiative lacks clear pathways to introduce RE technologies in 

the Galapagos Islands, this scenario evaluates the feasibility of high RE share. The objective 

is to achieve 70% of RE penetration by 2030 and supply an electricity demand of 73.7 GWh 

(peak demand: 16.35 MW). The HOMER Optimizer is applied in this analysis (see Section 

4.3.2.).  

In contrast to the boundary conditions scenario, additional RE capacities, which 

overcome the remaining capacity of the Baltra substation (7.83 MW), involve an increase of 

$1014 US/kW in investment prices for interconnection infrastructure. This value is added to 

the optimization costs of PV and wind technologies shown in Table 3. The configuration 

analyzed includes PV + wind + batteries + diesel. This ambitious scenario also aims to 

estimate the land required to install new RE power.  

4.3.3.3 Energy Efficiency Scenarios 

• Energy Efficiency: Boundary Conditions 

This scenario assumes that the National Plan for Energy Efficiency [274] has been 

applied effectively, reducing the annual growth rate of electricity demand to 3.5% (half of 

the current value and close to growth rates from other islands). This scenario optimizes the 

power system of Baltra–Santa Cruz to supply an electricity demand of 49.45 GWh (peak 

load: 10.97 MW) in 2030. The boundary conditions shown in Table 4.4 are also considered 

to optimize the system. According to that, the total capacity of PV and wind can achieve 

21.83 MW through the application of the Advanced HOMER Optimizer. Three 

configurations are analyzed: PV + wind + batteries + diesel; PV + wind + batteries + 

Ecuadorian biodiesel; and PV + wind + batteries + Chinese biodiesel. Table 4.3 shows the 

investment costs applied. 

• Energy Efficiency: High RE Share 

Again, a positive application of the National Plan for Energy Efficiency in the islands is 

assumed. Thus, the lower demand is supplied (49.45 GWh and 10.97 MW) in 2030. This 

analysis aims to achieve a RE fraction of 70%, regarding that PV and wind optimization 

investment costs (shown in Table 4.3) increase by $1,014 US/kW. Here, the HOMER 

Optimizer is used and one configuration is evaluated: PV + wind + batteries + diesel. 

4.3.3.4 Distributed Generation Scenario 

Rooftop integrated PV systems are more expensive than centralized power plants 

because of dedicated components [85] and soft costs [378]. Commonly, large systems are 

installed in more competitive markets where there are a few permitting requirements. These 

centralized systems are new infrastructures, are implemented by more experienced 

technicians and receive more incentives [378]. The common objective of designing PV grid-

connected applications is to maximize electricity generation to supply the demand. Its 

generation potential differs because of the location, a crucial factor of PV operating 

conditions. This scenario assesses the feasibility of the PV microgeneration regulation 
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[319,320] in the residential and commercial sectors, which represented 41% and 42% of the 

total electricity consumption, respectively, in 2018 [344]. The regulated electricity tariff is 9.8 

USc/kWh in the residential sector, while it is 10.30 USc/kWh in the commercial sector [321]. 

The PV rooftop capacity 𝑃𝑛𝑜𝑚𝐴 is calculated as follows [379]: 

𝑃𝑛𝑜𝑚𝐴 =
𝐸𝑃𝑉

𝑃𝑅. 𝑌𝑅
 (4) 

where 𝐸𝑃𝑉 is the annual electricity produced by the PV generator. 𝑃𝑅 is the performance 

ratio between normalized electricity production and the available solar resource. For this 

case, 𝑃𝑅  is estimated as 0.75, regarding non-optimal locations and shadow effects in 

architectural integration. This is a conservative value compared to optimal designs of PV 

plants in the Galapagos Islands [272]. 

 

𝑌𝑅 is the reference yield that characterizes the PV generator according to the available solar 

resource in terms of equivalent peak hours (equivalent to a constant incident irradiance of 1 

kW/m2). 𝑌𝑅 is given by Equation (5): 

𝑌𝑅 =
𝐺𝑖(𝑘𝑊ℎ/𝑚2)

1 𝑘𝑊/ 𝑚2
 (5) 

where Gi is the Global Horizontal solar Irradiation measured by a sensor installed in Santa 

Cruz Island. In average annual terms, this is equal to 2080 kWh/m2 [342]. 

The annual electricity consumption of one residential and commercial user was on 

average 2,320 kWh and 12,575 kWh, respectively, in 2018 [345]. Here, the hourly load 

profiles of the residential [345] and the commercial user [346] are used. The Galapagos 

Islands are characterized by a moderate urban vertical expansion [380]. Houses and 

buildings, which represent 84% of infrastructure categories [381], occupy an area over 50 m2. 

Then, to install PV systems, it is assumed that most of the constructions have flat roofs. 

Given that Santa Cruz Island is in line with the equator, the optimal module tilt angle is 

equal to the latitude (−0.74°). However, to avoid dust and dirt, 10° is the recommended tilt 

angle to install the PV system [272]. 

For this scenario, monocrystalline PV modules of 250 W with an efficiency of 15.46% 

were selected. The PV installation cost is $1,432 US/kW [83]; the replacement cost is 15% of 

the initial investment (15 years of inverter lifetime) [371]; and the O&M cost is 1.25%/year of 

the initial investment [370]. The PV generator’s lifetime is 20 years. This scenario estimates 

the PV potential in residential and commercial sectors to avoid using large extensions of 

land, as in the case of ground-mounted power systems (high RE share scenarios). This 

analysis provides another possibility to support the Ecuadorian Zero Fossil Fuel Initiative. 

4.4 Results and Discussion 

4.4.1 Results of the Status quo Scenarios 

As mentioned before, the hybrid power system of Baltra–Santa Cruz produced 35 GWh 

(7.26 kW of peak demand) and the subsidized cost of electricity was 24.31 USc/kWh in 2018. 

The results of the simulations are shown in Table 4.5. In the “Status quo 2018” Scenario, the 
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real electricity generation cost is 32.06 USc/kWh. In the generation side, the National 

Interconnected System subsidizes 24% of this cost. The economic impact for the electric 

power sector and the emissions of 18,662 tons of CO2/year of the current hybrid system point 

out how imperative it is to diversify the electricity generation mix (82% diesel). 

Energy dependency would be intensified in the Galapagos Islands in the case where 

there are no new installations of RE. In the “Status quo 7%” Scenario, the current 

configuration of this island system cannot supply the 73.7 GWh of electricity demand in 

2030. This scenario presents stability issues, which means 527.36 kWh of unmet load, lower 

LCOE (26.73 USc/kWh) and RE share (8.1%). The CO2 emissions increase to 46,786 tons. On 

the other hand, in the “Status quo 3.5%” Scenario, the current configuration could supply 

the demand (49.45 GWh) in 2030. However, the generation price would still be high: 28.63 

USc/kWh and the RE penetration would decrease to 12%. Moreover, the CO2 emissions 

would be 29,998 tons. This scenario is not environmentally friendly and stands out that RE 

should be applied in parallel with energy efficiency initiatives.  

Table 4.5. Results for the status quo scenarios—real Levelized Cost of Electricity (LCOE). 

Scenario Island 

Current Capacity   Techno-Economic Results 

PV Wind Diesel Batteries 
Unmet 

load 

Fuel 

consumption 
RE 

Fuel 

cost 
O&M LCOE 

(MWp) (MW) (MW) (MWh) 
(kWh/ 

year) 

(million 

liters/year) 
(%) 

(MUSD/ 

year) 

(MUS

/year) 

(USc/ 

kWh) 

Status 

quo 2018 

Baltra 1.50 2.25 - 4.30 

- 7.90 18 5.65 0.24 32.06 Santa 

Cruz 
0.067 - 13.90 - 

Status 

quo 7% 

Baltra 1.50 2.25 - 4.30 

527.36 17.71 8.1 14.166 0.444 26.73 Santa 

Cruz 
0.067 - 13.90 - 

Status 

quo 

3.5% 

Baltra 1.50 2.25 - 4.30 - 

11.35 12 9.08 0.317 28.63 Santa 

Cruz 
0.067 - 13.90 -   

 

Furthermore, while cheap hydroelectricity generation is practically subsidizing the 

generation costs of ELECGALAPAGOS, there are several reasons to increase RE penetration. 

First, a recent study [382] demonstrated that runoff availability for hydropower could be 

affected by climate change, demanding an increase in thermal power generation in the 

mainland. Second, the growth rate of electricity demand could intensify stability issues. 

Third, the economic impact on the electric sector would remain high because of the growth 

rate of the electricity demand that increases diesel consumption. Fourth, in 2001, the 

ecosystem of the Galapagos was affected by spills of 681 thousand liters of fossil fuel [292]. 

Finally, the pollution level of the hybrid system would be higher because of fossil fuel 

consumption. Thus, technical, economic and environmental impacts could be minimized if 

there is a considerable reduction in diesel consumption for electricity generation. 

4.4.2 Results of the Renewable Energy Potential Scenarios 

4.4.2.1 Results of the Renewable Energy Potential: Boundary Conditions 

Table 4.6 and Figure 4.9 present the techno-economic characteristics of the optimized 

island system of Baltra–Santa Cruz to supply 73.7 GWh of demand in 2030 (16.35 MW is the 

peak demand). The boundary conditions applied are listed in Table 4.4. 
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Table 4.6. Results of the Renewable Energy Potential: Boundary Conditions Scenarios. 

Configurati

on 

Final Configuration and Technical Results   Economic Results 

PV Wind Diesel Batteries Diesel Biodiesel RE Capital 
Fuel 

cost 
O&M LCOE 

(MW

p) 
(MW) (MW) (MWh) (million liters/year) (%) (MUSD) 

(MUSD

/year) 

(MUSD

/year) 

(USc/ 

kWh) 

PV + wind 

+ batteries + 

diesel 

19.82 2.25 13.9 24.98 11.60 - 39.00 29.58 9.28 0.70 18.95 

PV + wind 

+ batteries + 

Ecuadorian 

biodiesel 

20.20 5.45 13.9 26.26 - 10.50 100.00 35.22 24.15 0.76 40.39 

PV + wind 

+ batteries + 

Chinese 

biodiesel 

20.03 5.45 13.9 25.62 - 10.77 100.00 34.82 13.15 0.75 25.19 

 

Figure 4.9. RE share and LCOE of the Renewable Energy Potential: Boundary Conditions 

Scenarios. 

The results show that the configuration “PV + wind + batteries + diesel” is the most 

techno-economically viable alternative. This solution proposes the installation of additional 

PV and battery capacity of 18.25 MWp and 20.68 MWh, respectively. This optimization 

keeps the power system stable and reduces the operation hours of DGs and fuel 

expenditures. The initial investment ($29.58 million US) and O&M costs ($0.70 million US) 

are the lowest of all the optimization results. Furthermore, LCOE would be 18.95 USc/kWh 

in 2030. The RE penetration is 39.00% and the CO2 emissions are 30,651 tons. 

The second configuration, “PV + wind + batteries + Ecuadorian biodiesel”, introduces 

new PV (18.63 MWp), wind (3.2 MW) and battery capacities (21.96 MWh). The batteries 

compensate for the reduction in the operation hours of biodiesel gensets, whose cost is $2.31 
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US/liter. Despite the fact the RE penetration reaches 100%, the LCOE become much higher—

40.39 USc/kWh. Beyond that, this configuration is conditioned by jatropha production, 

which is insufficient to fuel gensets. In 2019, farmers expected jatropha price to increase 

[359], but there was a lack of public funding to support the development of this market. In 

Ecuador, there are no studies of cost internalization of environmental and social benefits of 

biodiesel. In fact, a life cycle analysis is not possible due to structural problems of the project 

[383]. Nevertheless, Mayorga et al. [384] noted that the Ecuadorian jatropha project could 

benefit the most vulnerable people in poverty in the coastal region. The same authors 

concluded that an increase in the price of biofuel would make the production of jatropha 

more attractive to farmers than other crops. However, it depends on promoters (IICA and 

Ministry of Energy) to make the jatropha project profitable, to generate a social impact and 

to build trust in local suppliers and communities. Before promoting biodiesel as an 

alternative fuel in the Galapagos Islands, the jatropha project should be audited to improve 

its structural limitations and to identify the real benefits to support the Zero Fossil Fuel 

Initiative. In other locations, such as Thailand, a related study showed that environmental 

externalities contribute from 3% to 76% to the total price of palm oil biodiesel [385]. All the 

weaknesses of the jatropha project should be clarified and solved before applying this 

scenario. 

The “PV + wind + batteries + Chinese biodiesel” configuration builds new capacities of 

PV (18.46 MWp), wind (3.2 MW) and batteries (21.32 MWh). The LCOE is 25.19 USc/kWh 

and the RE share is 100%. Ecuadorian government should consider and verify the 

sustainability of this alternative in social and environmental terms. Authors have asserted 

that standards to ensure biodiesel quality are needed because of the great variety of raw 

material used in China for its production [386]. Meanwhile, Liu et al. [387] noted that it is 

difficult to quantify the environmental impacts of Chinese biodiesel due to several factors, 

including the need for standardizing methodologies of life cycle analysis, detailed specific-

site evaluation and the need for defining more indicators to assess its environmental impact 

besides energy consumption and greenhouse gas (GHG) emissions, such as the cultivation 

and harvesting of biomass. 

Comparing the results of these three scenarios, the configuration: “PV + wind + batteries 

+ diesel” offers a more realistic perspective for the hybrid system of Baltra–Santa Cruz in 

2030. This generation system has a RE potential of 18.25 MWp combined with a battery bank 

with a capacity of 20.68 MWh to reduce the LCOE to 18.95 USc/kWh. The use of diesel and 

batteries combined with the control system (also included in investment prices) ensures the 

system’s stability. This total RE capacity should be split between Baltra and Santa Cruz 

according to the boundary conditions (Table 4.4). Regarding the limitations of the biodiesel 

fuel, it is verified that its promotion does not help the rapid energy transition in the 

Galapagos Islands. 

4.4.2.2 Results of the Renewable Energy Potential: High RE Share 

As was described in Section 4.3.3.2., this scenario analyzes the feasibility of the Zero 

Fossil Fuel Initiative through the achievement of 70% of RE share. In 2030, a demand of 73.7 

GWh (16.35 MW-peak demand) should be covered. Table 4.7 presents the result of the 

optimized hybrid system of Baltra–Santa Cruz.  
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Table 4.7. Results of the Renewable Energy Potential: High RE share Scenario. 

Technical Results   Economic Results   

PV Wind Diesel Batteries Fuel Consumption RE Capital Fuel Cost O&M LCOE 

(MWp) (MW) (MW) (MWh) 
(million 

liters/year) 
(%) (MUSD/year) (MUSD/year) (MUSD/year) (USc/kWh) 

79.14 74.25 13.9 359.27 5.66 70 461.29 4.53 6.23 98.34 

 

In this case, the optimization process adds to the current capacity: 77.57 MWp of PV, 72 

MW of wind and 354.97 MWh of batteries. This involves an extremely high total investment 

of $461.29 million US and a considerable increase in the LCOE (98.34 USc/kWh) compared 

to the previous scenarios. This system would emit 14,963 tons of CO2 to the atmosphere. 

It is demonstrated that achieving a high RE share of 70% does not offer a techno-

economically viable solution for the islands. Another remarkable aspect is the area of land 

required to install large RE capacities, approximately 280 ha (extrapolation based on the area 

used by RE projects in Baltra and Santa Cruz). Installing this excessive RE capacity is 

environmentally infeasible in protected areas, e.g., wind technology is recognized to cause 

some critical environmental impacts on scenery, land use and biodiversity depletion [388]. 

In the Galapagos, the Zero Fossil Fuel Initiative should be oriented to safeguard a balance 

between development and environmental preservation, where large-scale RE projects could 

represent a threat to this sensitive territory. This points out that decision-makers should 

design effective and more progressive energy policies for a sustainable future, which, 

regarding RE deployment, should be supported by energy efficiency measures. 

4.4.3 Results of the Energy Efficiency Scenarios 

4.4.3.1 Results of the Energy Efficiency: Boundary Conditions 

This scenario aims to supply 49.45 GWh of demand (peak load: 10.97 MW) in 2030, 

considering the effective adoption of the National Plan for Energy Efficiency and limiting 

the optimization process based on the boundary conditions listed in Table 4.4. The results 

of the configurations analyzed are depicted in Table 4.8 and Figure 4.10. 

Table 4.8. Results of the Energy Efficiency: Boundary Conditions Scenarios. 

Configurati

on 

Final Configuration and Technical Results     Economic Results 

PV Wind Diesel Batteries Diesel Biodiesel RE Capital Fuel cost O&M LCOE 

(MW

p) 
(MW) (MW) (MWh) (million liters/year) (%) 

(MUSD

) 

(MUSD/ 

year) 

(MUSD

/ 

year) 

(USc/ 

kWh) 

PV + wind 

+ batteries + 

diesel 

10.97 2.25 13.9 4.3 7.99 - 37.50 12.53 6.39 0.41 17.10 

PV + wind 

+ batteries + 

Ecuadorian 

biodiesel 

15.71 5.45 13.9 4.3 - 6.62 100.00 23.06 15.22 0.51 37.92 

PV + wind 

+ batteries + 

Chinese 

biodiesel 

12.25 5.45 13.9 4.3 - 6.99 100.00 18.87 8.53 0.47 23.22 
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Figure 4.10. RE share and LCOE of the Energy Efficiency: Boundary Conditions Scenarios. 

The first configuration, “PV + wind + batteries + diesel”, installs a new PV capacity of 

9.40 MWp. This alternative does not add batteries because diesel capacity is enough to cover 

the peak demand and ensure the operating reserve of the system. Wind turbines are not 

competitive, given the lower demand and lower operating diesel costs. The additional PV 

capacity requires an investment of $12.53 million US and the LCOE would be 17.10 USc/kWh 

by 2030. The RE share would reach 37.50% and the CO2 emissions would be 21,102 tons. 

These indicators are much better than those of the Renewable Energy Potential: Boundary 

Conditions Scenarios. This scenario demonstrates that it is imperative that there is a 

reduction in the current growth rate of electricity demand to make a plausible higher share 

of RE, which requires policy willingness, effective energy efficiency programs and social 

awareness about the use of energy.  

Based on the results, the Ecuadorian government should commit to push and reinforce 

the implementation of the National Plan for Energy Efficiency. While this plan considers the 

adoption of a building standard, a labeling scheme for energy-efficient appliances and the 

standard ISO 50001 [274], the plan lacks a detailed mechanism to disseminate a general 

awareness about the use of energy and the benefits of RE. Currently, education campaigns 

focus on the commercial sector [274], while only 35% of residential users relate RE initiatives 

to environmental care [272]. The Galapagos Islands can learn from successful experiences 

from Atlantic and Mediterranean small islands to reduce energy consumption and increase 

RE share [292]. Therefore, the National Plan for Energy Efficiency should be part of a 

complete package on sustainability, where targets on RE, energy efficiency and reduction in 

CO2 emissions are well-integrated. 
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The second configuration, “PV + wind + batteries + Ecuadorian biodiesel”, installs a new 

capacity of PV (14.14 MWp) and wind (3.2 MW), while stability is ensured by the biodiesel 

power plant. The necessary investment is $23.06 million US. While there is 100% of RE share, 

the LCOE is higher (37.92 USc/kWh) because of the use of biodiesel compared to the 

previous scenario. The discussion coincides with the explanation of Section 4.4.2.1. The 

reliability of this scenario needs a full evaluation of the economic, social and environmental 

impacts on the promotion of the national biofuel industry. 

The third configuration, “PV + wind + batteries + Chinese biodiesel”, adds an additional 

PV capacity of 10.68 MWp and 3.2 MW of wind, that, together with the use of biodiesel, 

achieve 100% of RE penetration. The LCOE would be 23.22 USc/kWh by 2030. In spite of the 

fact that this configuration gives positive indicators, under the logic of the Zero Fossil Fuel 

Initiative, the Chinese biodiesel production should comply with a set of quality criteria and 

clarify social and environmental benefits. Thus, Ecuador should establish biofuel standards 

for importation. However, importing biodiesel could cause a side-effect on the Ecuadorian 

jatropha sector, where farmers with low incomes are involved [384]. A comprehensive study 

is needed to clarify possible advantages and risks for future promotion of biodiesel. 

To conclude, energy efficiency measures are essential in the path to hybridize the power 

system of Baltra–Santa Cruz and to make the introduction of new RE capacity more 

competitive. The energy transition is more than an economic matter. Thus, policies should 

prioritize social and environmental concerns. Biodiesel scenarios are not recommended for 

the Galapagos because of the lack of information about externalities. Quantifying social and 

environmental benefits is needed to support decision-making and promotion of biodiesel. 

In that sense, the first configuration (PV + wind + batteries + diesel) offers a sustainable 

techno-economic potential solution for the power system of Baltra–Santa Cruz as long as the 

National Plan for Energy Efficiency could be well-implemented in the islands. 

4.4.3.2 Results of the Energy Efficiency: High RE Share 

For this scenario, the Baltra–Santa Cruz hybrid power system is optimized analogously 

to the previous High RE Scenario, but in this case, to supply 49.45 GWh of demand (peak 

load: 10.97 MW) in 2030. Table 4.9 shows the results of the optimization process of the island 

system of Baltra–Santa Cruz. 

Table 4.9. Results of the Energy Efficiency: High RE share Scenario. 

Technical Results   Economic Results   

PV Wind Diesel Batteries Fuel Consumption RE Capital Fuel Cost O&M LCOE 

(MWp) (MW) (MW) (MWh) (million liters/year) (%) (MUSD/year) (MUSD/year) (MUSD/year) (USc/kWh) 

58.35 47.85 13.9 90.30 3.79 70 268.00 3.03 3.64 85.03 

 

For achieving 70% of RE share, 56.79 MWp of PV capacity, 45.60 MW of wind and 86 

MWh of batteries should be installed. While the demand is hypothetically lower, the 

investment ($268 million US) and LCOE (85.03 USc/kWh) are extremely high. What is more, 

the use of land could also cover an area of 170 ha; again, this is an extrapolation based on 

the area used by RE projects in the islands currently. 

According to the results, in the Galapagos Islands, adequate planning should consider 

environmental concerns to avoid contradictions with climate change actions. The Zero Fossil 

Fuel Initiative should include structured and holistic planning, since its goal mostly focuses 
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on the reduction of fossil fuel consumption. The Ecuadorian Ministry of Energy should 

regulate and promote the identification of social, economic and environmental benefits of 

RE projects in order to analyze non-conservative initiatives in the future. Furthermore, social 

awareness about the linkage between environmental preservation and energy is needed to 

become the islands a resilient territory. 

4.4.4 Results of the Distributed Generation Scenario 

The goal of this analysis is to identify the PV potential in the residential and commercial 

sectors. The PV capacity is determined by applying the calculation process described in 

Section 4.3.3.4. For this analysis, the installation of conventional PV technologies is 

considered (crystalline silicon modules with a conversion efficiency of 15.46%). Table 4.10 

summarizes the results and Figures 4.11 and 4.12 present energy flows of one residential 

and commercial consumer, respectively. These reflect that the amount of electricity sold to 

the grid is higher in the cold season (lower electricity consumption between June and 

November). 

Table 4.10. Techno-economic results for distributed generation scenarios. 

User 

Technical Results Economic Results 

PV Electricity Purchased Electricity Sold RE Capital O&M LCOE 

(kWp) (kWh/year) (kWh) (%) (USD) (USD/year) (USc/kWh) 

Residential 1.50 1289 1328 64.70 2148 23.13 8.37 

Commercial 8.00 7000 7005 64.20 11,456 143.47 8.42 

 

For a residential consumer, the PV generator capacity is 1.5 kWp to supply an average 

electricity demand of 2320 kWh. This capacity represents an investment of $2148 US and 

requires approximately 10 m2 for its installation. The electricity generation cost is 8.37 

USc/kWh, which is a lower value than the electricity tariff in the residential sector: 9.8 

USc/kWh. For solar adopters, there is a reduction of 57% in the total bill ($230 US/year) and 

a positive energy balance of $3.87 US for the next year.  

For a commercial user, whose electricity consumption is 12,575 kWh, the PV capacity is 

8 kWp (51 m2 of the required area). This represents a total investment of $11,456 US. The 

electricity generation cost is 8.42 USc/kWh, while the regulated tariff is 10.30 USc/kWh. The 

application of the PV microgeneration regulation would reduce the annual bill ($1300 US) 

by 56%. There is only an energy balance of $0.50 US for the next year 
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Figure 4.11. The net-metering scheme applied in the residential sector. 

 

Figure 4.12. The net-metering scheme applied in the commercial sector. 

Schelly [389] observed that owners can adopt solar technology, regardless of whether 

they are environmentally concerned or not, whereas other people can be only interested in 
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bill reductions, or they are indifferent because of the lack of environmental motivations. 

Likewise, some authors [390] found solar power adoptions could also influence 

home/building value and electricity consumption. According to ELECGALAPAGOS, only 

one homeowner and one commercial user have started to install PV systems since the PV 

microgeneration regulation was launched. The total rooftop PV solar potential in the 

residential (1.5 kW/user × 5905 users) and commercial (8 kW/user × 1093 users) sectors is 

approximately 18 MWp. Given this potential, to achieve wider dissemination of this 

technology, innovation, environmental culture and mechanisms to make distributed 

generation more affordable are needed. This scenario is an attractive and feasible alternative 

to intensive ground systems. Cities can generate electricity, increase their self-resilience and 

reduce their environmental impact. 

In the Galapagos Islands, further research could be addressed to identify dwelling types 

with the application of Geographic Information Systems to obtain an accurate evaluation of 

the existing PV potential for electricity generation in urban areas. There is a good illustration 

in Vitoria-Gasteiz, the capital of the Basque country, located in the north of Spain. Vitoria-

Gasteiz presents a PV potential of 1258 MWp in urban areas, of which 82% is on inclined 

roofs and the remaining is on flat roofs. What is more, in this city, the annual Global 

Horizontal solar Irradiation (1390 kWh/m2) [391] is even lower than the solar resource in the 

Galapagos Islands (2080 kWh/m2). 

4.4.5 Sensitivity Analysis 

Sensitivity analysis allows us to prove the robustness of the scenarios described in 

Section 4.3.3., verifying how a solution changes depending on a group of sensitivity 

variables. Investment prices of PV, wind and batteries are falling, making RE technologies 

the competitive backbone of energy transition [83]. Moreover, fuel cost is expected to 

increase by 30% in 2030 [392]. Thus, this study chooses investment prices and fuel cost as its 

sensitivity variables. First, a sensitivity analysis of the “Status quo 2018” Scenario is 

performed to evaluate the LCOE depending on the diesel fuel price (80 USc/liter and $1 

US/liter—including taxes). Second, to avoid underestimations in optimization results, a 

reduction of 20% in investment prices of RE technologies and batteries is assumed and diesel 

cost is set $1 US/liter. Here, the LCOE and RE share are analyzed. Third, in the case of the 

distributed generation scenario, the sensitivity analysis considers an increase of 20% in 

investment prices of the PV generator, taking into account the lower profitability of small 

domestic projects [393,394], as well as a sensitivity analysis with a decrease of 20%. Based 

on the results of the scenarios analyzed in the simulation and optimization processes, 

sensitivity analyses are applied to the following: (i) The “Status quo 2018” Scenario with the 

current demand; (ii) the Renewable Energy Potential: Boundary Conditions Scenario, 

configuration: PV + wind + batteries + diesel; (iii) the Energy Efficiency: Boundary 

Conditions Scenario, configuration: PV + wind + batteries + diesel; (iv) The Distributed 

Energy Scenarios.  

 

(i) Table 4.11 shows the sensitivity results of the “Status quo 2018” Scenario to supply 

the current demand: 32 GWh (7.26 MW of peak demand). 

In case the diesel price reaches $1 US/liter, the LCOE would increase from 32.06 

USc/kWh up to 36.37 USc/kWh. This analysis shows the high dependency of the hybrid 
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system of Baltra–Santa Cruz on fuel prices and it reveals that changing from a conventional 

system mainly based on diesel generation to another one with more RE capacity is relevant 

for environment preservation. This dependency on foreign oil markets becomes an 

economic pressure on the Ecuadorian electric power sector. 

Table 4.11. Sensitivity results: Status quo 2018. 

Sensitivity 

variables 

Current Capacity Techno-Economic Results 

PV Wind Diesel Batteries 
Fuel 

consumption 
RE Fuel cost O&M LCOE 

(MWp) (MW) (MW) (MWh) 
(million 

liters/year) 
(%) (MUSD/year) 

(MUSD/ 

year) 

(USc/ 

kWh) 

Fuel 

price 

Base 

scenario 
1.57 2.25 13.9 4.3 7.90 18 5.65 0.24 32.06 

$1 

US/liter 
1.57 2.25 13.9 4.3 7.90 18 7.06 0.25 36.37 

 

(ii) Table 4.12 shows the results of the sensitivity analysis of the “Renewable Energy 

Potential: Boundary Conditions Scenario, configuration: PV + wind + batteries + 

diesel” to cover 73.7 GWh of demand in 2030 (16.35 MW-peak demand).  

 

According to the optimization constraints, HOMER is allowed to optimize the hybrid 

system of Baltra–Santa Cruz, adding up to 21.83 MW of PV and/or wind. As it is expected, 

lower PV costs (−20%) lead to an increase in PV and battery capacities and consequently to 

lower initial investment and LCOE and higher RE share compared to the base scenario. A 

reduction in wind costs (−20%) facilitates the introduction of this technology and battery 

capacity, reducing the PV power by 41%, regarding the base scenario. The total 

hybridization investment is lower, but the LCOE increases because DGs operate for 

additional hours. Thus, the RE share is reduced by 12%. Cost reductions in batteries (−20%) 

boost the installation of additional wind turbines and reduce the PV and battery capacities 

by 41% and 3%, respectively. On the other hand, an increase in fuel price ($1 US/liter) 

increases the PV and battery capacity to reduce the operating hours of DGs. Despite this, the 

LCOE increases by 20%. Moreover, RE penetration is higher compared to the base scenario.  

Table 4.12. Sensitivity results of the Renewable Energy Potential: Boundary Conditions 

Scenario. 

Sensitivity 

variables (costs) 

Final Configuration and Technical Results   Economic Results 

PV Wind Diesel Batteries 
Fuel 

consumption 
RE Capital Fuel cost O&M LCOE 

(MW

p) 
(MW) (MW) (MWh) 

(million 

liters/year) 
(%) (MUSD) 

(MUSD/ 

year) 

(MUSD/ 

year) 

(USc/ 

kWh) 

Base scenario 19.82 2.25 13.90 24.98 11.60 39.00 29.58 9.28 0.70 18.95 

PV −20% 19.95 2.25 13.90 33.30 11.58 39.10 27.79 9.26 0.75 18.71 

Wind −20% 11.68 5.45 13.90 27.54 12.50 34.30 24.34 10.00 0.66 18.98 

Batter

ies 
−20% 16.58 5.45 13.90 24.34 11.30 40.60 28.80 9.04 0.71 18.49 

Fuel 
$1 US/ 

liter 
19.95 2.25 13.90 33.30 11.57 39.10 32.24 11.57 0.75 22.64 

 

Comparing all results of these sensitivity analyses, a reduction in battery investment 

costs is more convenient in terms of LCOE and RE share for the island system of Baltra–
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Santa Cruz. The opposite happens with wind technology; although a lower investment cost 

allows the installation of wind turbines, the LCOE becomes higher due to the necessity of 

higher fuel consumption. It is verified that the relationship between the sensitivity of the 

variables and the results is not linear in the optimization process when a complex power 

system is optimized to supply a high demand. In HOMER, an energy system is a 

multivariable system in which the change in an input variable interacts with several output 

variables. This fact is noticed in the results from Table 4.12 where, for example, lower battery 

prices do not lead to a higher installation rate of this technology. 

 

(iii) Again, Table 4.13 summarizes the sensitivity results of the “Energy Efficiency: 

Boundary Conditions Scenario, configuration: PV + wind + batteries + diesel” to 

supply 49.45 GWh (peak load: 10.97 MW) in 2030.  

 

Similarly to the previous scenarios, a maximum power of 21.83 MW of PV and/or wind 

can be added to the current capacity of the Baltra–Santa Cruz Island system. Compared to 

the base scenario, a reduction in PV costs (−20%) increases the PV capacity by 8%, reducing 

the operation hours of DGs. Thus, RE increases by 4% and the LCOE is lower. More 

affordable wind prices (−20%) increase the installation of wind turbines significantly and 

decreases the PV capacity slightly. Then, there is less diesel consumption, a higher RE 

penetration and a small reduction in the LCOE compared to the base scenario. Based on this 

result, wind technology becomes more competitive when the demand to be supplied is 

lower: 49.45 GWh. As regards the reduction in battery costs (−20%), the PV capacity 

increases by only 1% compared to the base scenario. There is a small positive impact on the 

RE share and LCOE. Lastly, increasing the fuel price ($1 US/liter) forces a reduction in 

operating hours of DGs through the installation of additional PV and wind capacities. This 

increases the RE penetration but also increases the LCOE by 17% since the initial investment 

is higher compared to the base scenario. In this case, any reduction in investment prices 

limits the installation of greater battery capacity due to stability assurance is being covered 

by the diesel power plant. Comparing all possibilities shown in Table 4.13, lower investment 

costs in PV technology make the LCOE more affordable. 

Moreover, it has been possible to verify that HOMER gives correlative results when a 

complex hybrid system supplies a lower demand of 49.45 GWh (compared to 73.7 GWh, 

demand used in the Renewable Energy Potential Scenario). Furthermore, it is demonstrated 

how energy efficiency measures can reduce the impact of volatile fuel prices on the island 

system.  
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Table 4.13. Sensitivity results of the Energy Efficiency: Boundary Conditions Scenario. 

Sensitivity 

variables (costs) 

Final Configuration and Technical Results   Economic Results 

PV Wind Diesel Batteries 
Fuel 

consumption 
RE Capital 

Fuel 

cost 
O&M 

LCO

E 

(MW

p) 
(MW) (MW) (MWh) 

(million 

liters/year) 
(%) (MUSD) 

(MUSD

/year) 

(MUSD/

year) 

(USc/ 

kWh) 

Base scenario 10.97 2.25 13.9 4.30 7.99 37.50 12.53 6.39 0.41 17.10 

PV −20% 11.89 2.25 13.9 4.30 7.81 38.90 11.15 6.25 0.42 16.46 

Wind −20% 10.00 5.45 13.9 4.30 7.39 42.20 15.19 5.91 0.44 16.90 

Batteries −20% 11.07 2.25 13.9 4.30 7.97 37.70 12.42 6.37 0.41 17.04 

Fuel 
$1 

US/liter 
11.34 5.45 13.9 4.30 7.13 44.20 17.78 7.13 0.46 20.08 

 

Finally, in both sensitivity cases—the renewable energy and energy efficiency boundary 

conditions scenarios—in general terms, the PV is the most competitive technology, the 

battery capacities are conditioned by the stability criteria and the demand. Wind has a 

positive effect on the LCOE under the following conditions: Lower battery costs and higher 

demand, lower wind costs and lower demand and higher fuel price and lower demand. 

Investment prices and electricity demand are decisive in the optimization process. Thus, the 

reinforcement of energy efficiency policies can reduce the necessary initial capital and 

LCOE. Similarly, considerable reductions in investment RE costs encourage the 

implementation of RE technologies. Furthermore, in reference [292], it was demonstrated 

that public policies support the definition of adequate business models, which, in turn, 

support the achievement of higher RE shares. These mechanisms are crucial to increase the 

hybridization levels of the Baltra–Santa Cruz power system. For complementary sensitivity 

analyses, see Appendix 3. 

Based on these findings, future research should focus on the optimization of real 

applications such as the hybrid system of Baltra–Santa Cruz, regarding complexity in data 

treatment, optimization software and the modelling of hybrid storage systems. To do this, 

the use of modelling tools based on open software could be the best option. As a reference, 

there are recent studies [98,395,396] that have simulated and optimized hybrid systems 

through the python-library Open Energy Modelling Framework (oemof), which offers a 

platform to model a great variety of energy systems. 

 

(iv) Other applicable solutions are the “Distributed Generation” Scenarios in residential 

and commercial sectors and Table 4.14 shows the results of the sensitivity analyses. 

  

From a solar adopter perspective, lower PV investment costs (−20%) would foster new 

installations. In contrast, increasing investment costs by 20% represents an additional 

investment and higher electricity generation costs, which could discourage solar adoption. 

For residential users, higher investment costs could make PV installations not profitable due 

to a lower electricity tariff: 9.8 USc/kWh. While commercial adopters could be not affected 

by a higher investment cost because of its electricity tariff (10.30 USc/kWh), PV installations 

are not guaranteed at all without the application of reliable business strategies. On the other 

hand, lower prices would allow users to install rooftop PV systems and reduce the 

installation of large-scale projects, avoiding the negative impacts on the use of land and local 

biodiversity.   
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Table 4.14. Sensitivity results of the Distributed Energy Scenarios. 

User Sensitivity variables 

Technical Results Economic Results 

PV 
Electricity 

purchased 
Electricity sold RE Capital O&M LCOE 

(kWp) (kWh/year) (kWh) (%) (USD) (USD/year) (USc/kWh) 

Residential 

PV 

cost 

−20% 1.50 1289 1328 64.70 1718 17.73 6.67 

  
Base 

scenario 
1.50 1289 1328 64.70 2148 23.13 8.37 

  +20% 1.50 1289 1328 64.70 2578 28.53 10.10 

Commercial 

PV 

cost 

−20% 8.00 7000 7005 64.20 9165 114.67 6.73 

  
Base 

scenario 
8.00 7000 7005 64.20 11,456 143.47 8.42 

  +20% 8.00 7000 7005 64.20 13,747 172.27 10.10 

 

Encouraging islanders to install rooftop PV generation systems is relevant in order to 

make the archipelago self-sufficient in terms of energy [397]. Nevertheless, passive social 

acceptance by the consumer or the market side could not embrace the dissemination of 

distributed energy [398]. Additionally, the market may not be interested in bringing 

products to a remote territory, where installing small PV capacities cannot be representative 

for the business. According to reference [399], social acceptance can be improved by 

innovative business models to build trust between the market and users. Moreover, 

financing facilities that fit island conditions could support distributed generation [390,393]. 

However, beyond that, distributed generation faces other challenges, such as the electricity 

exchange assurance between users and the electrical grid. Here, smart grids and flexible 

demand are crucial to reduce the impact on electrical networks and to guarantee the client’s 

energy security. For instance, Demand Side Management in the low voltage network has 

been determined as a feasible smart strategy for the Galapagos Islands [397]. In terms of 

distributed generation, the Ecuadorian Ministry of Energy and the electric power sector, in 

general, have a great mission to incorporate technical, economic, social and environmental 

requirements within effective policies. 

4.5 Business Model Proposal for RE Introduction 

The Ecuadorian government and international cooperation agencies have supported RE 

introduction in the Galapagos Islands; however, despite this, the Zero Fossil Fuel Initiative 

still seems to be a hard goal to achieve. Indeed, reference [400] found that the principal 

barriers for 100% renewable electricity are political, institutional and cultural. For instance, 

in the archipelago, this is reflected by the application of RE and energy efficiency policies in 

an isolated manner, limited private investment and the high growth rate of electricity 

demand. Based on that and the scenarios discussed, the authors present a business model 

proposal to facilitate RE introduction through centralized power plants and distributed 

generation, involving multiple actors to overcome the aforementioned limitations.  

In the Galapagos Islands, regarding the large scale of RE projects, the most attractive 

identified business models are competitive auctions [292]. For guaranteed success, this 

mechanism considers “a schedule, volume disclosure, price ceilings, penalties, streamline of 

administrative procedures and information provision to the participants”, but it depends on 

the government’s priorities, implying a trade-off between criteria [401]. This competitive 
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bidding process also involves upfront guarantees to reduce the financing risk, especially in 

developing countries [287]. In mainland Ecuador, the Ministry of Energy has recently 

launched an auction scheme to leverage resources for 500 MW of PV, wind and hydro 

projects through Power Purchase Agreements (PPAs) for 20 years. This initiative has 

received around 22 Expressions of Interest (EoI) from different countries, such as Germany, 

Spain, the United Kingdom, the United States, Canada, China, Colombia, France and 

Portugal [402]. Thus far, there are nine qualified companies to implement 310 MW [403]. In 

the Galapagos Islands, the national authority plans to apply the same scheme to install 26 

MW of PV and wind for $55 million US [404]. While there are no details on planned projects, 

this capacity represents 11% of the total capacity shown in the Country’s Electricity Master 

Plan 2016–2025 [316].  

Regarding distributed generation, Horváth and Szabó [393] claimed that the bottlenecks 

of this mechanism are financial issues and low electricity tariffs, which means longer 

payback periods and liquidity risk for RE technologies. Therefore, to attract distributed 

generation investment, the government is expected to define adequate (higher) purchase 

prices and incentives. Nevertheless, in Ecuador, economic changes in the subsidized 

electricity service usually generate social discontent. Hence, reducing investment costs for 

possible solar users should be the first step to support this initiative. The community-shared 

model (also known as shared solar, community solar or community-owned) is a good 

opportunity for innovation and to increase the competitiveness of RE technologies. Its 

biggest advantage is the economy of scale to bring down the PV system costs [393,405]. This 

model helps communities to acquire and manage their rooftop PV systems, sharing capital 

and O&M costs [405,406]. Policy-makers favor the establishment of cooperatives to involve 

a wider population through solar access distribution [405]. This model would lead to a 

sustainable society via green power generation, but policies need to be inclusive to meet the 

PV project’s feasibility for every kind of prosumer [406]. The community model has been 

widely applied in Europe, e.g., the case of Samsø Island, characterized by government 

support, community responsibility, expert assistance and social networks [283]. In the 

framework of the energy transition, the European Union has recently embodied their 

extensive experience in the “energy citizen community concept” as a legal entity to cover 

the energy value chain, involving the participation of public and private sectors and civil 

society [407]. Energy community models provide social, economic and environmental 

benefits for members and local areas [407].  

Since the national and international energy markets are evolving to cover energy needs 

and environmental concerns, this research presents a mix-business model approach to 

facilitate RE introduction. Here, people are the core of new actions. Figure 4.13 shows 

schematically the proposal that is characterized by: 

 

- The auction business model supports the widespread installation of RE power and 

provides the capacity required by the residential and commercial sectors for distributed 

generation. Here, the private sector is in charge of installing, operating and maintaining 

a large RE capacity. At the residential and commercial levels, the private sector ensures 

maintenance as an incentive for prosumers. The Power Purchase Agreement should 

collect all these aspects.  
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The auctions concession period can be 20 years, including guarantees for renewal. 

Otherwise, when there is no private continuity over time, business models tend to be 

unsuccessful [292]. 

 

- The residential and commercial sector creates cooperatives through a citizen energy 

community model based on a net-metering scheme for PV rooftop installations. The 

auction scheme ensures the maintenance of PV systems. Solar adopters can be 

homeowners, building owners or tenants. The people set up cooperatives to facilitate 

the acquisition and management of solar systems. This model also enables conditions 

which involve other actors/sectors within energy communities. 

 

Figure 4.13. A business model proposal for the RE implementation at large and small scales. 

Political willingness at the national, regional and local level is required to go beyond 

fossil fuel reduction. This implies a strong horizontal and vertical coordination of the public 

sector. Nevertheless, the public sector is not the only agent responsible for generating and 

promote business models. It is very important to support this proposal through the 

participation of international cooperation, banking facilities, private entities and civil 

society: 
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- The Ministry of Energy (MERNNR) is the main promoter and is responsible for energy 

policies (RE and energy efficiency), management and funding. 

- The Agency for Regulation and Control of Electricity (ARCONEL) is responsible for the 

control of RE projects and for the design of technical and economic regulations that build 

an appropriate environment for business model application. 

- The Government Council for the Galapagos Special Regime (CGREG) works as a 

facilitator and supports energy policies implementation. 

- The local municipality designs strategies for enabling PV integration adapted for the 

beneficiary.   

- The Ministry of Environment (MAE) and the Galapagos National Park Directorate 

(PNG) fund the auction process through tourism contributions. Tourism taxes vary from 

$3 US for Ecuadorians to $100 US for international tourists [408]. Since this is the most 

important activity of the islands and relates to environmental impact, a tourism energy 

fee could be designed to support energy initiatives with the participation of the partners 

of this proposal. 

It is recognized that a comprehensive understanding of the dynamics of tourism is 

relevant in terms of management effectiveness and efficiency on small islands [207,409]. 

Here, ecotourism, which is conceived for biodiversity preservation by reducing the 

impact of mass tourism, also implies the adoption of RE technologies for guaranteeing a 

sustainable energy supply [410,411]. Ecotourism is widely supported by international 

cooperation and environmental organizations through incentives and funds, which 

helps to mobilize the tourism market [410]. Similarly, revenues derived from tourism 

taxes can also support money flow in ecotourism and the quality of the service [412]. 

Authors [413–416] have asserted that well-informed and environmentally aware tourists 

are willing to pay an additional fee for environmental conservation actions or to spend 

in a green hotel equipped with energy saving and RE installations. A previous study 

showed that, in the Galapagos Islands, visitors are willing to pay an additional fee of $50 

USD per visit for a reduction in the carbon footprint [416]. This shows that sustainable 

actions in tourism-based environments, as in the case of the Galapagos, can generate 

direct benefits on the tourism sector, the local economy and environmental protection. 

Then, the national and local decision-making have the main responsibility to encourage 

RE investments in the tourism sector via effective policies and business proposals. 

- Electricity Corporation of Ecuador (CELEC EP) supports grid connection and the O&M 

of diesel power plants. 

- ELECGALAPAGOS supports management, PV residential grid connections, control and 

electricity fees collection and the O&M of previous RE projects installed. 

- International cooperation works on advising RE and energy efficiency policies and 

supporting awareness campaigns and capacity building at the institutional and 

community levels. 

- The private sector invests in large capacity projects and provides the PV capacity 

required by the residential and commercial sectors and other actors. Moreover, it is in 

charge of technical training and O&M. 

- Banking facilities provide credits to homeowners, building owners, tenants or other 

members of energy communities to acquire PV systems. In fact, there is a pioneer bank, 
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ProCredit Bank Ecuador, that has implemented a credit line to support PV system 

acquisition [417]. 

- Prosumers are responsible for the adequate management of their installations and 

changing traditional and inefficient ways of energy consumption.  

 

Supporting the Zero Fossil Fuel Initiative and, at the same time, the Agenda for 

Sustainable Development is a big challenge. This demands effective policies, a generalized 

awareness and the commitment of each partner to ensure the proposal application and its 

sustainability. Enabling an adequate political environment for the conservation of the 

Galapagos ecosystem and adopting an energy identity beyond economic savings are crucial 

in implementing the decarbonization process.  

4.6 Conclusions and Policy Implications 

The Galapagos Islands are highly dependent on imported fossil fuels, which makes the 

cost of electricity high. Furthermore, their high growth rate regarding electricity demand 

makes it a challenge to support the Zero Fossil Fuel Initiative and, in turn, the SDG7 by 2030. 

In the Galapagos, diesel subsidies, weak policies and the lack of private participation and 

social awareness about the use of energy have limited RE contribution. For this reason, to 

make these islands more resilient to the current challenges of climate change and 

development, this research presents multiple pathways towards the stepwise 

decarbonization of the hybrid renewable mini-grid of Baltra–Santa Cruz. To meet the 

research’s target, the specialized hybrid renewable mini-grid HOMER Pro software is used 

to perform several techno-economic assessments. HOMER has been widely applied for 

analyzing realistic islands systems. The analysis focuses on different electricity demand 

scenarios to understand the implications of the load growth by 2030 and the installation of 

additional capacities of RE such as solar and wind, or the replacement of diesel with 

biodiesel. Furthermore, technical, socio-economic, environmental and political constraints 

are taken into account to limit some optimization analyses. Likewise, the feasibility of 

distributed generation is analyzed in residential and commercial sectors. 

The simulation of the current Baltra–Santa Cruz power system confirms that the RE 

share is only 18% and reveals that the current real cost of electricity is 32.06 USc/kWh. 

Moreover, it is verified that this system needs to incorporate more REs and storage capacity 

to maintain performance stability by 2030.  

Considering optimization scenarios, it is demonstrated that PV is the most techno-

economically viable technology for Galapagos because of solar resources and investment 

prices. Its implementation makes the LCOE more affordable. For the “Renewable Energy 

Potential: Boundary Conditions Scenario, configuration: PV + wind + batteries + diesel”, to 

cover a demand of 73.7 GWh by 2030, the installation of 18.25 MWp of PV combined with 

20.68 MWh could be economically installed in Baltra and Santa Cruz Islands. The RE share 

and the LCOE would be 39% and 18.95 USc/kWh, respectively. On the other hand, for the 

“Energy Efficiency: Boundary Conditions Scenario, configuration: PV + wind + batteries + 

diesel”, the outcomes are much more positive when there is a significant reduction in 

investment prices of RE technologies and the electricity demand. This requires the 

commitment of the government to rethink policies and also from the islanders to change 



Chapter 4. Decarbonizing the Galapagos Islands: Techno-Economic Perspectives for the Hybrid Renewable Mini-Grid Baltra–Santa Cruz 

 

127 

 

their traditional electricity consumption habits. Based on the assumption that the 

Ecuadorian National Energy Efficiency Plan is successfully implemented, 49.45 GWh would 

be supplied in 2030. Then, the PV potential would be 9.40 MWp to achieve 37.5% of RE 

penetration and reduce the LCOE to 17.10 USc/kWh. In this case, the stability is ensured by 

the diesel power plant. Regarding boundary conditions scenarios with biodiesel, it is proven 

that this resource is not techno-economically competitive since its cost is high and there are 

no studies of cost internalization of the environmental and social benefits. Similarly, High 

RE Share Scenarios were also evaluated. However, their applications are infeasible because 

of the high electricity generation costs and the intensive use of land required for the 

implementation of large RE capacities. Some limitations in the use of the HOMER software 

have been identified, showing that future research is needed to improve and adapt energy 

system modelling tools to more complex cases. 

As regards the evaluation of the distributed generation scheme in the residential and 

commercial sectors, this study demonstrates that the total rooftop PV potential is 18 MWp. 

According to the results, the electricity bill would be reduced by more than 50%. For this 

reason, and due to the low availability of land, a distributed generation is posited as the 

most attractive alternative to support the Zero Fossil Fuel Initiative. Further research could 

be addressed to identify dwelling types in urban areas in Santa Cruz and Baltra Islands and 

to identify the PV potential of distributed generation with higher accuracy. 

The feasibility of different pathways is effectively demonstrated by this research. 

However, energy transition demands more than feasibility analyses. Reliable and 

innovative policies and the willingness of multiple actors are essential to move away from 

pollutant energy generation systems and inadequate methods of energy consumption. The 

Galapagos Islands require a proposal that combines different business models to facilitate 

the installation of RE at a large and small scale to move rapidly towards the least carbon-

emitting energy system. A combination of auctions and a citizen energy community model 

could be the most attractive solution, prioritizing people and the ecosystem of the islands. 

This inclusive business model leaves aside the traditional methods of RE implementation 

on the islands. There is a great opportunity for the public and private sectors and for users 

to become prosumers in the decarbonization process of the Galapagos Islands. The 

achievement of the Zero Fossil Fuel Initiative is only possible if there is an energy culture 

that engages the participation of national and local governments, the private sector, 

international cooperation and civil society. This also demands better and stronger 

coordination between public institutions. Policies should promote the development of a 

specific, holistic and sustainable energy plan for the Galapagos Islands, designing measures 

based on the local needs and the context. This challenge implies establishing a strong link 

between energy, environment and society.  
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5 Lessons Learned from Rural Electrification 

Experiences with Third Generation Solar Home 

Systems in Latin America: Case Studies in Peru, 

Mexico, and Bolivia 

 

 

Abstract 

There are 12 million people without access to electricity services in Latin America. This 

population lives in small isolated and scattered communities with low incomes where it is 

difficult to achieve 100% access to electricity by the grid extension. Therefore, it is necessary 

to create market mechanisms and promote off-grid electrification in which photovoltaic (PV) 

technology plays a fundamental role. This research assesses successful projects developed 

in Peru, Mexico, and Bolivia, where 3rd Generation Solar Home Systems (3G-SHSs) are 

being introduced to support off-grid initiatives. To do so, we applied a mixed-methods 

approach including a comparative case study analysis, an extensive literature review, focus 

group discussions, and field research. Thereby, the lessons learned reveal that confidence, 

commitment, and flexibility are the main pillars of rural electrification. Additionally, it is 

demonstrated that the combination of various business models—an energy service 

company, fee-for-service, pay-as-you-go, and a microfranchising—with 3G-SHSs is 

powerfully effective in terms of sustainability. Our findings are useful to policy makers, 

researchers, promoters, and other stakeholders to rethink intervention strategies in rural 

areas. Access to electricity must be a state policy to facilitate the participation of new actors, 

especially of the private sector and communities, and the introduction of innovative 

business models and high-quality technology (see Figure 5.1). 
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Figure 5.1. Graphical Abstract. 

5.1 Introduction 

Energy, one of the main factors in achieving the Sustainable Development Goals 

(SDGs), is essential to improve people’s living conditions, reduce poverty, and face climate 

change. This is particularly important in remote areas to support social, economic, and 

environmental development [418,419]. Providing energy access is a challenge when there 

are drastic differences between energy use in urban and rural areas [420,421]. This, together 

with low incomes of the rural population, geographic conditions, unsuitable policies design, 

deficient institutional frameworks, and limited financial options [46,422], demand 

innovative ways to overcome the current weaknesses of rural electrification. As much as 

anything, remote and isolated areas have no electricity access because a grid extension is 

difficult or even economically infeasible. Here, diesel generators could be costly due to fuel 

price volatility, as well as their maintenance. As a solution, off-grid systems are being 

deployed to achieve 100% electrification [114], where photovoltaic (PV) technology plays a 

fundamental role. All over the world, 485 million people are expected to gain access to 

electricity in 2030 through decentralized systems such as solar PV systems and mini-grids, 

and 185 million people will gain access by grid expansion [423]. 

PV technology, the most cost-effective and efficient solution, is widely used to bring 

electricity to remote areas in developing countries [424–426], especially with Solar Home 

Systems (SHSs), which are suitable for satisfying small energy needs. Despite the fact that 
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their costs are lower than those of expanding the electrical grid, there are so many barriers 

that make the implementation of SHSs challenging [424,427]. Often, off-grid electrification 

programs fail because of the insufficient involvement of the government, weak policies that 

inhibit private participation, financial difficulties that entail that business models are poorly 

designed, the withdrawal of the concession area, and limited capacity buildings that suggest 

that projects did not adapt to local circumstances [419,424,425,428]. Generally, in developing 

countries, governmental changes affect the promotion of political statements and formal 

institutions to support off-grid electrification [429]. Furthermore, many of these projects lack 

the local community’s participation, trained people, and funds to ensure operation and 

maintenance (O&M) activities [114,425,430]. This implies that some authors assert 

[419,431,432] that energy access programs have been defined in a rigid manner, where 

stakeholders have pre-defined tasks and users are considered as pure beneficiaries without 

any specific role within the project. The lack of an appropriate application of technical 

standards is also a weakness that usually inflates costs and reduces the quality of SHSs 

[433,434]. This has been well-demonstrated in several studies [435–439]. For instance, 

batteries, which have been considered one of the weakest components of SHSs, have had 

lower lifetime periods. This has demanded regular replacements, increasing the total costs 

of SHSs by 40%, and reducing the reliability of electricity service [435]. Furthermore, only 

affordability has determined SHS capacity, rather than the power needs of the population 

[440]. This is the case of Indonesia’s Solar Home System Project (ISHSP) from 2003 to 2007 

[428], the Prodeem, the Brazilian program for rural electrification using photovoltaics (1994), 

and the Vunivau solar home systems, phase I and II (2002–2005) [114,425]. Therefore, the 

lack of sustainability in the management of projects is determined by the lack of 

commitment from key stakeholders (including local communities), low economic benefits, 

and changing conditions [441]. 

Decentralized strategies, which have relied on only techno-economic assessments, are 

being shaped to face the challenges of rural electrification. Emerging from multicriterion 

analysis, other factors such as political, environmental, and social concerns are also being 

evaluated to support decision-making [442]. Economic linkages, access to financing, the 

creation of institutional arrangements, and local participation are becoming more relevant 

in off-grid electrification [428,434]. This means that innovation in business models and a 

demand-driven approach are the keys to improving the financial status of villages and 

knowing how to build a dynamic market for energy access using off-grid solar technologies 

[428,434]. Among successful cases that have considered these aspects, we can name, from 

1997 to 2002, the Sri Lanka’s Energy Services Delivery Project (ESDP), where a suitable 

financial model and credit facilities were included [428]. In Bangladesh, there is the 

Infrastructure Development Company Limited (IDCOL) (2002–present), which works 

together with 16 other partner organizations. IDCOL is responsible for providing grants and 

refinances the systems, taking care of the technical quality of SHSs, building capacities, and 

monitoring [114,425,437]. The latter are in charge of offering microfinancing to consumers, 

the installation and O&M of PV systems, and training local people [114,425]. However, this 

project is still facing a lack of government support via suitable energy policies to accelerate 

project development [114]. 

Aggressive and well-designed programs are needed to face the barriers related to 

energy poverty, largely in rural areas where the level of development is usually low 
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[443,444]. Rural electrification programs must focus on political and institutional 

strengthening, business models to make electricity service affordable, technological quality, 

community involvement, and sustainability matters. Once the multiple weaknesses of rural 

electrification are described, this research assesses and contrasts the initiatives that the 

public and private sectors are carrying out together to solve the problems related to 

electricity access using SHSs. To do that, we have selected rural electrification projects of 

three countries from the Latin America region with wide experience in PV rural 

electrification: Peru, Mexico, and Bolivia. We studied the Light at Home Program in Peru 

(Programa Luz en Casa Peru), the Light at Home Program in Mexico (Programa Luz en Casa 

Mexico), and the Development of Microfranchises for Access to Clean Energy in Rural Areas 

Project (Desarrollo de Microfranquicias Rurales para el Acceso a Energía Renovable) in 

Bolivia. The present research identifies the lessons learned from these ongoing projects in 

terms of policies, stakeholders, business models, technology, payment capacity and 

management, technology and quality, O&M, and community participation. These lessons 

work to pinpoint the key factors that support off-grid electrification sustainability, which 

would be useful to policy makers, researchers, experts, promoters, and other stakeholders 

involved in rural electrification. This study highlights that off-grid implementation must 

rely on adaption to changing circumstances, and must generate commitment among 

partners and confidence within communities. We organize this paper as follows: Section 5.2 

presents the theoretical background, followed by a description of case studies in Section 5.3 

and the methodology applied in Section 5.4. Afterward, Section 5.5 presents the lessons 

learned from the projects, and Section 5.6 shows the sustainability factors identified. In 

Section 5.7, we present a discussion. This article summarizes the results and policy 

implications in Section 5.8. 

5.2 Previous Considerations for Off-Grid Electrification  

The quality, affordability, and reliability of energy access depend on robustness and 

well-designed mechanisms in communities [445]. A combination of different business 

models and innovative technological solutions can be considered to support SHSs 

introduction. This combination involves the definition of responsibilities and tasks among 

partners, affordability of electricity service, capacity building, sustainability guarantee, and 

technology support for streamlining management. Furthermore, the solutions to deploy 

SHSs must adapt to local conditions. Here, we outline concepts applied to deploy SHSs in 

the cases analyzed, based on an extensive literature review. This section seeks to facilitate 

the reader’s understanding through the introduction of a theoretical background of off-grid 

electrification. 

5.2.1 Business Models 

We classify business models according to project management, financing facilities for 

the rural population, opportunities of local entrepreneurship involving communities, and 

technological support. 

 

 



Chapter 5. Lessons Learned from Rural Electrification Experiences with Third Generation Solar Home Systems in Latin America  

 

135 

 

5.2.1.1 Management Models 

• Public–Private Partnership (PPP) 

A PPP is a contractual agreement in which the resources and skills of the public and 

private sectors are combined to provide services. The private sector provides its resources, 

knowledge, capacity management, and technology, and the public sector establishes 

regulations and protects the public interest. A PPP also includes the participation of non-

governmental organizations (NGOs), microfinance companies, multilateral banks, 

communities, and universities [446–450]. In the context of energy access, the PPP is called 

pro-poor public–private partnership (5p), or public–private partnership for development 

(PPPD) (in recent years), which aims to provide energy services to poor communities [450–

452]. The PPPD was introduced and improved by the Spanish Agency for International 

Development Cooperation (AECID) to support the achievement of SDGs, especially the 

SDG17, in different contexts of development, such as access to energy, humanitarian aid, 

and the development of small businesses [452]. The PPPD has a protocol to guide its design 

and implementation [453]. The main idea is to involve community participation and rural 

development [454], where a proper organization of economic and institutional issues and 

flexible funding to the population are required [419]. In fact, the 2030 Agenda for Sustainable 

Development fosters these partnerships to focus initiatives on shared visions and goals 

[455]. Based on past experiences, conventional approaches fail when they are led only by 

one actor: The public or private sector [419]. The most cost-effective way to expand energy 

access requires a shift in how practitioners conceive technology and program structures 

[450], so a PPPD can be one of the best options to overcome rural electrification constraints 

[419]. 

• Energy Service Companies (ESCOs) 

An ESCO comes from regulated energy markets to provide energy services by regulated 

providers. Some of these services can be O&M, sales, demand-side management, energy 

audits, and assisting customers [456]. In emerging markets, this model delivers sustainable 

energy solutions while creating jobs [167,457]. Generally, this scheme facilitates the 

implementation of small networks throughout communities, provides a cost-effective 

electricity service, and improves the living conditions of inhabitants [457]. An ESCO 

provides solar electricity and meets incentives via established tariffs (fee-for-service model) 

to guarantee service provision and obtain affordable electricity prices [419,457]. On the other 

hand, although this concept is highly recommended for rural contexts [445], according to 

Lemaire (2009) [457], consumers pay for that service every month, and fees are not enough 

to cover the installation costs of SHSs. Furthermore, in previous experiences, the ESCO has 

designed O&M costs based on information provided by manufactures or a percentage of 

initial investment of equipment (between 1 and 3%), leading to a negative financing balance. 

This practice, which does not consider real conditions, has made ESCO permanence in rural 

communities unsustainable [430]. 
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5.2.1.2 Funding Models 

• Fee-for-Service Models 

In this model, the government establishes an agreement with a company or a social 

enterprise to delegate the control of a geographical area (concession model) or to limit the 

competition (leasing or dealer model) [458]. The company usually works as a small or micro 

utility (ESCO), which installs and operates SHSs to deliver electricity, and their customers 

pay for the service received periodically. Fee-for-service seems to be used regularly in rural 

areas in which well-implemented banks are not available [424,457]. When this scheme 

includes a cross-subsidy established by centralized governments, the introduction of off-

grid technology is facilitated [459]. 

• Microcredit Schemes 

Local dealers sell their products to communities via personal guarantees or collateral. 

This model, which is commonly applied to promote SHSs, excludes poor families without 

the ability to provide collateral [117,450]. This model is the most expensive for the poor [460]. 

Private companies are responsible for maintenance, while financial support comes from 

another institution that works closely with the first one [424]. Credit suppliers may be banks 

and microfinance institutions (MFIs) [460]. However, some countries have no rural banking 

or MFI entities; thus, the lack of access to credit is the biggest challenge for entrepreneurs in 

developing countries [424,461]. 

5.2.1.3 Business Models for Local Entrepreneurship 

• Microfranchising 

Microfranchising is based on a relationship between a franchisee (small business) and 

a franchisor (large business or brand). The franchisee produces or commercializes a product 

or service of a project designed by a franchisor. The franchisor is responsible for the 

publicity, support, marketing, and training [462,463]. Microfranchising, whose social 

approach comes from the connotation “micro” to help the poor at the base of the economic 

pyramid, is designed to offer opportunities to the poorest to own and operate a business, 

improve capacities, and live in a state of economic self-reliance [462,464]. This business 

model is considered a channel to reach end-users in remote areas [465]. It reveals satisfactory 

results by the generation of employment and the increase in revenues, especially to people 

with a low level of education and incomes [466]. In the energy access field, microfranchising 

has been introduced to deliver bills, collect revenues, and read meters, and communities 

take part as agents of distribution utilities [419,467]. There are also experiences where 

microfranchisees were expected to become entrepreneurs, but most of them only engaged 

in billing and collection tasks [445], or where franchisee revenues were poorly designed, 

which discouraged collection [467]. From another perspective, in some countries of Africa, 

microfranchises are set up to deliver solar lanterns and help to improve people’s incomes, 

instead of only giving lanterns away. Not only sales agents but also teachers of schools, who 

are trusted members of communities, participate as microfranchisees to raise trust in the 

technology through training sessions about the benefits of solar power [468]. All these 
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experiences show that there is a link between energy and incomes through enterprise 

development after electrification [469]. 

5.2.1.4 Technological Models 

• Pay-As-You-Go (PAYG) 

The PAYG model uses mobile phone technology based on banking facilities to roll out 

renewable energy in developing countries. PAYG allows the end-user to pay for a contracted 

service (fee-for-service model), acquiring a product or renting a system. It facilitates 

payment management to the supplier in that costumers pay affordable installments [470–

474]. This model is useful to request support, commercialize equipment, and solve 

commercial incidences. However, it is important to emphasize that technology cannot 

replace the technical staff in promoting, delivering, installing, and maintaining PV systems 

[471]. 

5.2.2 Technical Quality of SHSs 

In order to reduce electricity costs and contribute to the deployment of the solar market 

and create confidence, the quality assurance of SHSs is a crucial factor to be taken into 

account, especially in rural areas [435–439,475–477], where the lack of an effective quality 

and the application of standards has been a weakness [433,434]. The purchase of an off-grid 

product or SHSs can represent a large investment for a rural family, which cannot afford to 

waste money on something that does not work well or will not last [478]. In this sense, the 

technical quality assessment of SHSs has two objectives. The first one is technical: To assess 

the lifetime of systems and their components, according to international standards, and their 

compliance with design goals, safety, and reliability [77]. It involves the application of tools 

such as standards, certifications (assessing equipment, services, and management 

procedures), accreditation, inspection bodies, metrology, and market surveillance [479]. The 

standard used to assess the technical quality of SHSs is the IEC 62257-9-5: the 2018 

“Integrated Systems—Laboratory Evaluation of Stand-Alone Renewable Energy Products 

for Rural Electrification”, which is part of the IEC 62257 series: “Recommendations for 

Renewable Energy and Hybrid Systems for Rural Electrification” [480]. The second objective 

is social: To identify technical problems linked to the social acceptance of the technology to 

improve its reliability [77]. The SHS market quality is supported by the Lighting Global 

Program (2010) to make modern SHS products affordable and available to off-grid users 

[481]. In spite of this fact, manufacturers are concerned about certification process 

complexity for several reasons: There are only two accredited laboratories (Schatz Energy 

and Research Centre (SERC) and China’s SMQ Lab) to certify SHSs globally; it is necessary 

to re-certify products every two years with the updated standard; the certification process 

last approximately 16 weeks in the laboratory; after passing laboratory tests, the equipment 

has to be evaluated on-field [482]. Furthermore, certification costs are high, around $18,000 

US (From conversations between the Solar Energy Institute (Instituto de Energía Solar de la 

Universidad Politécnica de Madrid-IESUPM) and manufacturers), and fees usually increase 

[483]. Manufacturers consider this process a bottleneck [482]. Thus far, there are only 38 

certified products [483]. 
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5.2.3 Off-Grid Projects Sustainability 

Sustainability is widely understood as the linkage between economic, social, and 

environmental components, and it is known as the triple-bottom-line perspective 

[419,484,485]. Sustainability, which is becoming highly important to learning how to 

manage projects, fosters treating social and environmental factors at the same level as 

economic aspects when doing business, emphasizing a long-term view [484,486,487]. 

According to Martens and Carvalho (2017) [485], sustainability applied to the project 

management context is reflected in the follow elements: (i) Environmental policies and resource 

saving, which implies that stakeholders are interested in environmental sustainability topics, 

(ii) the economic and competitive advantage, which involves the project’s performance in terms 

of costs, funding and economics, taking care of commitments, and ethics, (iii) stakeholder 

management, which demands the engagement of stakeholders, as well as relationship 

between stakeholders and between them and society and labor practices, and (iv) sustainable 

innovation business models, which means a management of organization culture and 

innovation that includes social concerns in business. However, supporting sustainability in 

real practice is a difficult task [486]. In the context of energy access, sustainability is emerging 

as a critical matter for policy makers and development practitioners. Previous experiences 

indicate that off-grid technology still needs to be made affordable, to give financing 

possibilities to the poor and remove non-economic barriers [460]. 

5.3 Case Studies Selected and Background 

In Latin America, 12 million people still live without electricity in rural areas, often in 

places difficult to access and far from the grid [423]. In Peru, Mexico, and Bolivia, the 

electrification rate was 94.8, 98.5, and 93%, respectively, in 2016 [488,489]. Even though the 

electrification rate is clearly higher than other regions such as Sub-Saharan Africa, the 

number of people without access to electricity is large: 1.64 million people in Peru, 1.81 

million people in Mexico, and 758,000 people in Bolivia [488–490]. These people live in small, 

isolated, and scattered communities with low incomes where it is difficult to achieve 100% 

access to electricity by the electrical grid. They live in poverty or extreme poverty, and their 

economy depends mainly on agriculture and livestock. It is expected that Latin America 

achieves near-universal access to energy in 2030 thanks to a wide range of technology and 

business models [423]. However, due to the fact that electricity companies cannot solve 

problems of access to electricity on its own because of the associated high costs, the 

implementation of adequate business models is essential to include new participants and 

mature and innovative technology such as PV. This section summarizes the cases studies 

selected that constitute a collection of successful experiences from which relevant lessons 

can be learned. 
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5.3.1 The Light at Home Program in Peru: Cajamarca and Napo 

Acciona.org Peru, a non-profit organization, has been providing electricity with SHSs 

in Cajamarca and Napo since 2009 and 2016, respectively. The management model 

implemented is an ESCO, whose structure is shown in Figure 5.2. The initial investment of 

these projects was mainly funded by the ACCIONA/acciona.org Foundation through 

acciona.org Peru and co-funded by the Multilateral Investment Fund and the Inter-

American Development Bank (MIF-IDB) with a credit, the National Fund for Scientific and 

Technological Development and Technological Innovation (FONDECYT), and the AECID. 

The cooperation agencies and the multilateral bank are responsible for following up and 

monitoring. Acciona.org Peru owns SHSs and customers pay a monthly fee for the energy 

service, which includes a daily amount of available electricity. 

 

Figure 5.2. Management model implemented in Cajamarca by acciona.org Peru. 

In 2010, the Supervisory Agency for Investment in Energy and Mining (OSINERGMIN) 

regulated the maximum tariff of the electricity service (fee-for-service model) according to 

the power of the solar panel and the electricity supply to the client. This regulated tariff 

ensures enough income for acciona.org Peru to cover investment, operation, and 

management costs, guaranteeing a sustainable service. The tariff is combined with the 

Electric Social Compensation Fund (FOSE) [491]. The FOSE is a cross-subsidy that covers 

80% of the regulated tariff. The part of the tariff not covered by the subsidy establishes the 

maximum tariff paid by clients. These clients, who are living in a region without access to 

the electrical grid, can access an affordable electricity service through the FOSE. Electricity 

customers whose consumption is higher than 100 kWh per month feed the FOSE through a 

low percentage of their electricity invoice. Beneficiaries of the Light at Home Program pay 

a tariff that is lower than the monthly cost of alternative energy sources such as candles or 

batteries. There are photovoltaic electrification committees (CEFs) that collect fees and offer 

preventive maintenance to end-users. 
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Since 2012, 12 Light at Home Centers (Centros Luz en Casa) (CLCs) have been set up in 

Cajamarca. These are technical assistance centers in which local technicians provide support 

to consumers and have a small business through a franchise contract to sell electrical 

appliances compatible with solar systems such as TVs, radios, tablets, DVDs, small battery 

chargers, bulbs, and fans. In these centers, the population buys different appliances to have 

access to more energy services than just lighting. This project has provided access to 

electricity services to 3,900 rural households (16,000 beneficiaries) with SHSs. 

In 2016, acciona.org Peru started to develop the Light at Home Program in Napo, 

located in the Loreto region (Peru) in the heart of the Amazon forest. The goal of this 

program is to install 1,400 SHSs in the Amazon communities close to the Napo River. Today, 

there are more than 400 SHSs installed. The project expects to expand to other river basins 

in the Amazon region. A new regulated tariff was published in 2018, and the project includes 

fee-for-service and PAYG models to facilitate the management of payments in the CLC. 

There are two CLCs in this region. 

5.3.2 The Light at Home Program in Mexico 

During the 2012–2016 period, the Light at Home Program in Oaxaca facilitated access 

to SHSs to more than 7,500 households (30,100 users) located in communities with less than 

500 inhabitants where the grid extension was not planned. Acciona.org Mexico promoted 

the project through a PPPD that included the participation of the government of Oaxaca, 

AECID, and the Mexican Agency for International Development Cooperation (AMEXCID) 

to cover the initial investment. Figure 5.3 shows the structure of the PPPD implemented in 

Oaxaca. 

 

Figure 5.3. PPPD (Public–Private Partnership for Development) implemented in Oaxaca by 

acciona.org Mexico. 
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The PPPD promoted the partial subsidized sale of SHSs. The customers had to pay half 

the cost of the equipment, which meant approximately $150 US. Furthermore, when the 

customers were not able to pay the fee, they had access to the micro-finance program in 

cooperation with KIVA International Organization (a crowd lending, non-profit 

organization) [492]. The customers had the chance to reduce their monthly fees for one year, 

which were even lower than alternative energy costs (batteries, candles, kerosene, etc.). In 

Oaxaca, there are six CLCs that operate in the same way as in Cajamarca (microfranchises) 

to solve equipment failures and sell high-efficiency electrical appliances compatible with 

SHSs. Municipalities and CEFs participate in project management as service suppliers and 

communicational channels. CEFs are also in charge of fee collection. 

This successful program has prompted the new government of Oaxaca to show interest 

in extending the project to other zones and in expanding services such as water supply, 

sanitation, and cooking. Thus, acciona.org Mexico has reached a new agreement with the 

government of Oaxaca. Today, there are more than 1000 SHSs being installed. 

5.3.3 The Development of Microfranchises for Access to Clean Energy in Rural Areas 

in Bolivia 

This project started in 2014 under the “+energy” brand to commercialize SHSs through 

a microfranchising model promoted by ENERGETICA and supported by the MIF-IDB, 

AECID, the German Corporation for International Cooperation (GIZ), and municipalities 

(Figure 5.4 shows the PPPD implemented). There are two ways to carry the subsidized sales 

in this project. The first involves direct sales by 60 microfranchisees (local entrepreneurs) to 

the end-users. The second consists of distribution sales through agreements with 

municipalities [115]. Both of them also offer Light Solar Panel Kits, Solar Battery Kits, and 

other equipment such as bulbs, TVs, radios, water pumps, and productive systems mainly 

for the farming sector and equipment maintenance. 

 

Figure 5.4. PPPD implemented in Bolivia by ENERGETICA. 
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In 2017, this project registered 12,510 beneficiaries: 11,800 families with SHSs, 650 micro 

and small businesses that have acquired productive systems (grain mills, water pumps, 

electric fences), and 60 communities that have acquired systems for social purposes 

(pumping of drinking water, lighting of schools, and health centers). In the same year, the 

project generated 60 jobs with an increase in incomes 20% or more. Total sales have exceeded 

$2.09 million US. 

5.4 Materials and Methods 

Primary information comes from a mixed-methods approach that combined the 

assessment and contrast of cases studies, the review of scientific documentation, interviews 

through focus group discussions, and field research. Thanks to this approach, we have 

identified the lessons learned from cases analyzed and the main factors needed to guarantee 

the sustainability of off-grid electrification. To do that, the Solar Energy Institute (Instituto 

de Energía Solar) of the Technical University of Madrid (Universidad Politécnica de Madrid) 

(IES-UPM) organized a workshop on exchange experiences in Cochabamba (Bolivia) from 

13 March to 16 March, 2017. The representatives of the acciona.org Foundation, acciona.org 

Peru, acciona.org Mexico, ENERGETICA, PHOCOS Bolivia, and the Mayor University of 

Saint Simon (Cochabamba, Bolivia) were invited to attend the event. Fifteen participants 

were present, including project managers, researchers, local partners, and other 

stakeholders. 

On the first day of the workshop, the participants made oral presentations to provide 

general and detailed information on projects. On the second and third days, we used a 

participatory methodology, a “focus group,” to gather valuable information. A focus group 

is a helpful qualitative method to examine how knowledge and ideas interact within a 

cultural context [493], where a moderator introduces topics to be discussed by the 

participants [494]. This method creates a reflection space to facilitate the understanding and 

an in-depth comprehension of a specific topic [493]. It makes it possible to obtain insight 

ideas and expert knowledge [495]. On that basis, we applied semi-structured interviews by 

a facilitator from IES-UPM. The topics we analyzed and discussed were (i) policies to 

promote energy access in each country, (ii) business models, (iii) PV technology and quality 

assurance, (iv) local participation, and (v) management and project sustainability. We 

conceived those aspects as crucial in rural electrification because of the deficiencies 

described in Section 5.1. On the fourth day, we visited a few communities to verify SHS 

installations and to meet microfranchises. We interviewed a microfranchise and a client of 

ENERGETICA. This fieldwork reinforced triangulation analysis and research reliability. We 

analyzed the information gathered and organized the main results according to the topics 

discussed, heeding the main differences among cases studies. We also strengthened our 

findings with a review of scientific and specialized literature. 
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5.5 Lessons Learned and Findings from the Case Studies 

This following section summarizes the lessons identified from the cases analyzed by 

means of a comparative assessment. The most relevant aspects for a successful promotion 

of off-grid electrification with PV technology are presented, namely: Public policies, 

stakeholders and agreements, business models, payment capacity and management, 

technology and quality, O&M, local training, and awareness campaigns. 

5.5.1 Public Policies 

The regulatory framework establishes the fundamental principles to deploy off-grid 

systems in these countries, which has been the basis for the intervention of acciona.org and 

ENERGETICA. Thanks to the political backing at the national, regional, and above all local 

level, the projects have built trust in communities to ensure their implementation and 

permanence. In Peru and Mexico, acciona.org has worked in areas where grid expansion by 

the government is not planned. While in Bolivia, thanks to the fact that municipalities have 

jurisdiction for rural electrification, ENERGETICA is working in a large number of 

provinces within the country. Linking local government aid allows ENERGETICA to 

achieve broad population participation. 

In Peru, energy access is a state policy [496], which ensures that a change in the current 

government will not affect progress in eradicating energy household poverty. In fact, there 

is an exclusive regulation for off-grid electrification [497]. The General Directorate of 

Electricity (DGE) of the Ministry of Energy and Mines (MINEM) awarded the concession 

area to acciona.org Peru through the General Directorate of Rural Electrification (DGER) 

(2008) [498]. Acciona.org Peru electrifies zones that are not included in the National Rural 

Electrification Plan. In Mexico, the Electric Industry Law (2014) [499] promotes rural 

electrification and sets the concession area to be electrified by the public electricity company 

(the Federal Electricity Commission (CFE)) [500], which in turns defines the area where 

acciona.org Mexico establishes its potential market. In this country, there is a Universal 

Power Service Fund that benefits from the income surplus of the electricity market, which 

is used by distributors and suppliers of energy services in rural communities [499]. In 

Bolivia, the Political Constitution of State (CPE) defines access to electricity as a right, and 

the Patriotic Agenda 2015–2025 aims to supply this basic service to 100% of the population 

by 2025 [501,502]. The CPE establishes that the local government (governorates) must 

promote rural electrification, whereas the municipalities are responsible for renewable 

energy projects [502]. Acciona.org Mexico and ENERGETICA have faced political changes 

that have affected project continuity. This has demanded additional efforts to inform new 

authorities of project status. 

Even though PV dissemination results are positive in these cases, strengthening 

political support is still a big challenge. Acciona.org Peru, acciona.org Mexico, and 

ENERGETICA agree that access to energy should be a state policy in every country that has 

signed a commitment to the SDGs, and consequently has the responsibility for reporting its 

achievements. This would reduce political constraints in Mexico and Bolivia. Thanks to the 

suitable policies in Peru, acciona.org Peru is working as an ESCO, while acciona.org Mexico 
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and ENERGETICA work as private suppliers (PPPD model) of SHSs taking higher economic 

risks due to the lack of a fee-for-service model. 

5.5.2 Stakeholders and Agreements 

A well-articulated partnership among promoters, the public sector, funders, and 

communities has helped to establish a lasting commitment to implement long-term projects. 

Most importantly, to raise trust among partners, especially with the public sector and 

communities, it seems to be a plus for rural electrification that promoters have to be local 

companies. Acciona.org is a corporate foundation (subsidiary) of a Spanish private company 

ACCIONA (multinational), which sets up local foundations in every country where it has 

rural projects. Acciona.org Peru and acciona.org Mexico recruit local people to lead and 

manage their projects, keeping a close relationship with acciona.org Spain. ENERGETICA 

is per se a local organization that was set up by local entrepreneurs. Furthermore, the 

participation of international cooperation agencies such as AECID, FONDECYT, AMEXID, 

and GIZ and of a multilateral development bank such as MIF-IDB is essential to audit and 

cover the initial investment of projects and to look after experience exchanges between 

regions and countries. The public sector establishes mechanisms to introduce and deliver 

technology, to provide subsidies to help affordability, and to support the projects so as to 

raise confidence in communities. Local people are more interested in being part of the 

projects when local governments are involved. 

Local participation facilitates understanding and marketing to improve the reception of 

the projects, to enhance teamwork, and to generate confidence in the whole community. 

Local people know the culture of the community and speak the native language or dialect. 

Local institutions work as service providers in Mexico and Peru, and as sales channels and 

funders in Bolivia. Communities participate in committees for rural electrification in Mexico 

and Peru, and as microfranchisees in Bolivia, Peru, and Mexico. For example, in Peru, a 

committee consists of a group of at least three people, one of which has to be a woman. The 

committee works as a connection between the operator (acciona.org) and the beneficiaries, 

collecting fees and helping the operator on preventive maintenance. Rural electrification is 

promoting gender equality in Peru and Mexico, an initiative that ENERGETICA should 

embrace. One of the key aspects leading to the success of these projects is trust among 

partners, especially among local governments, promoters, and communities. 

5.5.3 Business Models 

The business models of these case studies, which can be considered successful projects, 

are designed according to local conditions, involving the participation and commitment of 

multiple stakeholders such as governments, cooperation agencies, private entities, NGOs, 

banking facilities, academy, and communities, guaranteeing a reliable and affordable 

electricity service that reaches a larger population. Furthermore, the combination of business 

models shows how off-grid electrification must be planned, initiated, funded, operated, and 

sustained. This approach ensures sustainability through the allocation of clear 

responsibilities, the design of suitable and proper financing mechanisms, the community 

training in technology and business (essential for management), the assurance of 

maintenance and quality. The combination of different business models joins subsidies 
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together with innovative technologies such that access to electricity services is affordable. 

Table 5.1 shows the business models used to promote solar technology in each case study; 

business models, subsidies, equipment, and service details are described. 

Table 5.1. Models for the promotion of solar technology. 

Place 

Business Model 

Subsidy 
Equipment-

Service Management Financing Sustainability 
Technological 

Model 

Bolivia             

Around the 

country 
PPPD 

Microcredit 

(managed by 

ENERGETICA) 

Microfranchising: 

Direct sales (local 

entrepreneurs); 

distribution sales 

(municipalities) 

PAYG 
24–50% of 

SHS 

SHS, 

electrical 

appliances, 

and 

productive 

systems, 

O&M 

Mexico             

Oaxaca PPPD 

Microcredit 

(international 

financial 

institution) 

Microfranchising: 

CLC 
 - 

50% of 

SHS 

SHS, 

electrical 

appliances, 

O&M 

Peru             

Cajamarca ESCO Fee-for-service 
Microfranchising: 

CLC 
- 

80% of 

regulated 

tariff 

Electricity 

service, 

electrical 

appliances, 

O&M 

Napo ESCO Fee-for-service 
Microfranchising: 

CLC 
PAYG 

80% of 

regulated 

tariff 

Electricity 

service, 

electrical 

appliances, 

O&M 

 

PPPD and ESCO models, which establish the roadmap to provide access to electricity, 

ensure the community and government participation at national, regional, and local levels 

in Mexico and Bolivia, and Peru, respectively. The ESCO model reveals itself as a successful 

option that requires the government initiative to lead and regulate off-grid electrification. 

Giving financing possibilities to the end-user is a fundamental factor in successful 

business models for rural electrification. The fee-for-service model is a cost-effective solution 

when the promoter provides an electricity service that generates recurring incomes to 

ensure the sustainability of entrepreneurship (microfranchising) and the operator (micro-

utility). This demands strong government participation and regulation mechanisms to fix a 

realistic tariff. While a microcredit scheme is suitable to commercialize solar systems when 

the population does not have savings capacity to cover the fees. In Peru, the fee-for-service 

model is in accordance with a national regulation that establishes that the government has 

to subsidize customers for a period. This subsidy is 80% of the electricity tariff (cross-

subsidy) to people with low incomes. In Mexico, a subsidy was provided (50% of the cost of 

the SHSs—approximately $150 US) by municipalities in the first instance. However, when 

the promoter realized that some people could not afford to pay for the solar systems, they 

introduced the microcredit scheme. Thanks to an agreement with a US non-profit 

organization, it is possible to fund loans at the base of the pyramid. Acciona.org Mexico 

manages the credit facilities and assesses to provide access to credit to their customers. In 
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Bolivia, the subsidy of PV technology is between 24 and 50%, so the user only has to pay 

from $100 to 200 US for the equipment. In spite of the fact that subsidies are available, many 

people cannot afford to pay for any solar equipment. This is why ENERGETICA has 

implemented a financing mechanism to provide payment facilities that involve a credit 

system managed on its own. Microfinancing is a potential solution that makes renewable 

energy technology acquisition to end users possible. Even though in Mexico and Bolivia 

there are no local financial institutions showing interest in being part of energy projects in 

rural areas, acciona.org Mexico and ENERGETICA have adapted their business to meet 

market needs, taking care of their own liquidity. In addition, as some authors have 

concluded, a subsidy makes SHSs affordable and helps to accelerate their penetration in 

rural communities [117,503]. Nevertheless, according to the experiences analyzed, this is 

true as long as a fee-for-service scheme incorporates a cross-subsidy. When this is not 

possible due to policies and the commitment of government, subsidies combined with other 

business models such as microcredits make SHSs affordable. In all cases, further 

government commitment is required to maintain public subsidies when the external 

financing ends. 

Another relevant aspect is the fact that electrification is not enough to improve the 

economic situation of rural people. Thus, setting up microfranchises can efficiently solve 

problems derived from the low incomes of the population. In Peru, Mexico, and Bolivia, the 

promoters have implemented microfranchises as a long-term sustainability strategy. In 

previous experiences, microfranchises were designed only to collect fees, deliver bills, and 

perform metering. In the case studies, they furnish O&M and access to SHSs and more 

energy services via sales of electrical appliances; e.g., in Bolivia, microfranchises sell SHSs 

and productive devices used in the farming sector. Thanks to this model, the foundations 

can guarantee the money flow in the project, the technician’s revenues, and access to more 

energy services. Likewise, local people receive training in O&M and management, can set 

up their own business, and have the opportunity to replace equipment that has reached the 

end of its usable life. 

We have identified the design factors of microfranchisees: technology, management, 

economics, and culture. “Technology” entails which products should be offered, such as 

SHSs, electrical appliances, and productive systems, which demands the assurance of the 

technical quality of equipment and O&M. “Management” is related to fee collection, 

building local capacities, undertaking campaigns to raise confidence, and providing an 

effective after-sales service. “Economics” involves the assurance of money flow and the 

reinforcement of product sales. “Culture” implies communication with communities, 

commitment, confidence, and the identification of needs. Moreover, microfranchisees 

provide project feedback to promoters. From a business perspective, a microfranchising 

seeks financial sustainability in electrification projects as a way of increasing a community’s 

incomes through employment, productivity, and ensuring confidence in rural areas. From 

a social point of view, microfranchising provides access to electricity services such as 

lighting and communications. Particularly, in Bolivia, these services create opportunities in 

the agriculture, water, health, and education sectors. 

Including a microfranchising within off-grid projects increases community 

participation. This model is mainly addressed to local entrepreneurs as a complementary 

economic activity in their business because it guarantees the project profitability, reducing 
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investment needs, economic risks, and sales volume dependency. This can even drive the 

implementation of family microfranchises. For instance, in Bolivia, microfranchisees 

(generally male) train their family members (generally their wives) to manage the business 

when they are not at home. Promoters also involve people who do not have any business or 

employment and who show commitment to the project. This avoids increasing social 

disparities. Local governments can also be microfranchisees, e.g., municipalities in Bolivia, 

whose distribution system has reached 80% of total sales, since people trust in the local 

government, while microfranchises operated by local people have reached 20%. This model 

recognizes the importance of such actions as working with the local government in a 

framework of cooperation, regular training for microfranchisees, exchanges of experiences, 

and the diversification of products, which ensures economic growth for microfranchisees 

and microfranchising. In Peru, the fee-for-service model ensures the economic viability of 

microfranchisees. A technician’s revenue ranges from 800 soles ($240 US) to 2000 soles ($599 

US) per month in Cajamarca. In Bolivia, microfranchisees can earn $300 US/month if they 

work full time. 

The PAYG model has reduced the transportation costs of technicians to collect money 

and facilitates payment and management. In Napo, acciona.org Peru is using this 

technology to manage payments, to enable or disable the electricity service, and to speed up 

maintenance requirements and sales. ENERGETICA is starting to use the PAYG, which is 

limited to the payment of fees. PAYG, which is gaining force in rural communities, supports 

other businesses such as microfranchises and fee-for-service. These foundations started to 

use PAYG when they changed from conventional solar systems to others that were more 

innovative, including communication systems. In Cajamarca, conventional SHSs hinder the 

implementation of a PAYG model, whereas acciona.org Mexico is planning to introduce this 

model in Oaxaca. 

Before planning rural projects, acciona.org and ENERGETICA have worked to 

understand the market, find investors, and define business models. With these inputs and 

analysis, they advise the government on improving regulations to make solar technology 

accessible to rural people. When a planned PPPD does not obtain the commitment of every 

partner, the project simply does not work. Both the fee-for-service and microcredits with 

subsidies are suitable financing models for electrification. 

5.5.4 Payment Capacity and Management 

Even though payment efficiency has been a big challenge in rural electrification [434], 

according to the cases analyzed, studying market characteristics allows for planning of 

appropriate payment mechanisms to cover a larger population. Payment management 

supports money flow and rural electrification sustainability. 

Before starting a project, acciona.org Mexico and Peru georeference the households and 

analyze the community’s incomes and expenses related to conventional energy (fuel, 

batteries, and candles) to define their payment capacity. For instance, in Napo, a family 

spent 30 soles ($8.90 US) per month on energy. Now, the electricity tariff paid by the same 

family is 30 soles every three months. This shows that it is possible to reduce energy costs 

in rural areas. Acciona.org strictly monitors payment management, which is positive for the 

project to increase the community’s commitment. If people cannot pay for the electricity 

service due to financial problems, they have a period in which their obligations are to be 
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fulfilled. The foundation cancels the service after six months of non-payment in accordance 

with the current regulation. Acciona.org has a close relationship with its clients to 

understand their social situation. This is possible thanks to the CLCs set up in Oaxaca, 

Cajamarca, and Napo. They provide customer service and the sale of equipment to the 

clients and feedback to the promoter. 

In Bolivia, a baseline study shows that the annual cost of traditional energy is between 

$45 and 85 US, which is 5–10% of annual incomes (A widely reference used is that the 

electricity is affordable when it does not exceed 5% of household expenditures in tropical 

climates and 10% in temperate climates where electricity may cover heating [59]). According 

to ENERGETICA, everyone who spends 1 BOB (14 USc)/candle/day is a potential client. 

Mainali and Silveira [117] conclude that only richer sections of the rural population can pay 

in cash for SHSs. Based on the Bolivian experience, this is true under market conditions, but 

it is also related to the seasonality of farm incomes and the fact that people prefer to pay in 

cash to avoid traveling to microfranchises. The long distance is a permanent barrier in those 

contexts. Microfranchisees receive a commission on the sale of equipment after paying the 

bill to ENERGETICA. This foundation has increased sales at harvest time, which has even 

helped to strengthen its business strategies. Nevertheless, environmental risks could affect 

the liquidity of the population, reducing the sales during this time of year. ENERGETICA 

has implemented a credit system with PAYG technology, which allows the payment fees for 

the equipment to be controlled every three or six months, and it is also a solution to solve 

the lack of liquidity of the population. 

5.5.5 Technology and Quality 

Finding ways to make SHSs cheaper to end-users and ensuring the acquisition of 

quality equipment is a priority for organizations involved in the cases studied. In the first 

phase of these projects, acciona.org and ENERGETICA used traditional SHSs or 2nd 

Generation Solar Home Systems (2G-SHSs) to deploy rural electrification. However, the 

failures rates of these systems affected the electricity service, which in turns affected the 

confidence of local communities in the projects. Thanks to the innovation of the solar market, 

the price reduction, and the benefits of modern SHSs, both foundations decided to renovate 

their stock to introduce the 3rd Generation Solar Home Systems (3G-SHSs). 3G-SHSs are 

more efficient, smaller, lighter, easier to use and install, cheaper, more durable, and 

environmentally friendly. These systems joined with technical control procedures are 

reducing failures rates. It has been positive in terms of investment and O&M costs. In 

Cajamarca, where there are still 2G-SHSs, some parts are being replaced, e.g., LEDs (light 

emitting diodes) are replacing fluorescent lights. 

Switching from 2G-SHSs to 3G-SHSs has made it possible to characterize SHSs 

according to their technical, economics, and operational features in different periods: From 

1995 to 2015 and from 2010 to now. Table 5.2 presents detailed information about the 

technology used in the cases analyzed as well as the main differences that we have identified 

[94–97]. It is worth mentioning that this technological change means a technological 

evolution, but not a technological revolution. This means 3G-SHSs are becoming more 

attractive in rural electrification due to their lower costs. For instance, in Bangladesh, the 

IDCOL program had introduced 2G-SHSs and 3G-SHSs. Only the population in better 

economic circumstances had chosen 2G-SHSs because of the higher capacity [98]. Now, 
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IDCOL focuses on introducing 3G-SHSs [99] under a rigorous quality control process [100]. 

In the cases analyzed, 3G-SHSs are the best option due to the reduction of O&M costs and 

failures rates. Both are more difficult to face when the off-grid electrification deploys in the 

most scattered communities. This shows that the rural market is demanding more affordable 

and reliable equipment. 

Table 5.2. 2G-SHS vs. 3G-SHS features. 

Component Description 2G-SHS (1995–2015) 3G-SHS (2010 to Now) 

Generation Technology 
Monocrystalline or 

polycrystalline 

Monocrystalline or 

polycrystalline 

  Capacity (Wp) 50–80 20–50 1 

  Supply (Wh) 200–250  100 

Lighting  Technology Fluorescent lamps  LED 

  Capacity (W) 7–11 3 

Battery Technology Lead-acid  Lithium-ion  

  Capacity (Ah) 100–120 6–10 

Regulator   
External solid-state power 

controllers 

Microelectronics integrated into 

the battery box 

Connection   Splices Plug and play technology 

Weight (kg)   30–50 6 

Cost (USD)   1000 350–650 
1 Due to the lower costs of PV technology, some equipment suppliers increase the capacity of PV 

regarding the future electricity needs of end-users. 

 

- 2G-SHS installation requires specialized knowledge, which inhibits end-user installation 

of systems. One 2G-SHS covers at least three light points (3 h/day), one radio of 8 W (8 

h/day), one TV and one DVD of 27 W (3 h/day), and a mobile phone of 6 W once a day 

(2 h/day). The energy losses are around 21%. The total price (one 2G-SHS and 

appliances) was around $1000 US in 2009 [507]. 

- 3G-SHSs charge electrical appliances such as compact lights, a TV with an incorporated 

DVD of 11 W, and a mobile phone charger of 3 W with a USB connector. The internal 

microelectronics allows for control of the batteries apart from offering additional 

services (PAYG, GPS (global positioning system), and monitoring) and operational and 

technical simplicity. The plug and play system ensures simple and faster installation of 

solar equipment, which means even end-users can install equipment on their own. The 

total cost ($350–650 US) includes the PV module and appliances (standard or super-

efficient appliances). 

 

The quality of 3G-SHSs is verified by laboratory tests and fieldwork. The quality control 

ensures the efficiency of solar systems, management of economic resources and contractual 

requirements for future phases of implementation. Although 3G-SHSs affect the confidence 

of the community due to a lack of knowledge of the benefits of smaller solar systems, 

training sessions have helped to overcome this barrier. In the same way, there is a challenge 

in adapting international standards (IEC 62257) to the national context and identifying the 

testing capacity of national and regional laboratories. It entails developing an off-grid 

electrification platform that engages the participation of national and regional stakeholders 
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(standardization, committees, and laboratories), universities, and companies to exchange 

experiences globally. 

In addition, the possibility of product adaptability to local market requirements is a 

relevant factor for the success of projects. In this way, acciona.org and ENERGETICA have 

agreements with manufacturing enterprises (Fosera (https://fosera.com/) is the international 

partner of acciona.org, and PHOCOS Latin America was the local partner of ENERGETICA. 

PHOCOS Latin America went bankrupt, and ENERGETICA is working with other 

manufacturers, e.g., ZIMPERTEC (https://www.zimpertec.com/) and SUNDAYA 

(https://www.sundaya.com/)) of solar and storage systems. Acciona.org and ENERGETICA 

have introduced electrical appliances suitable for 3G-SHSs without any subsidy. This 

supports the money flow and the technician’s revenues. ENERGETICA also offers 

equipment for productive uses on request due to its high cost. 

5.5.6 Operation and Maintenance 

Both maintenance and technical skills are essential for the long-term sustainability of 

projects [162,511]. This is why acciona.org and ENERGETICA have trained local people to 

guarantee the maintenance quality of the equipment. Also, they have established 

procedures to guide maintenance activities. These actions reduce error rates, time of 

interventions, and impact O&M costs positively. 

In Bolivia, maintenance is a chain process, the first people responsible for the technical 

support are the microfranchisees, but if it is not possible to solve the problem for them, 

ENERGETICA tries, followed by the manufacturer. If failures in equipment involve 

manufacturing defects, ENERGETICA covers the cost of repairing them. In addition, if a 

user requests repair work in situ, the technician transportation cost is negotiated with 

ENERGETICA. In Cajamarca, consumers report equipment failures via SMS to acciona.org 

to deliver the work orders to local technicians. The CLC is a permanent control center for 

sales, stock renovation, and failures in DC (direct current) devices. It allows the failures to 

be solved in less than 3–4 days. In Napo, the user dismantles and brings the system to the 

CLC. In Mexico, the CLC is located in areas with 1,000 households to provide maintenance 

service. 

As we mentioned before, ensuring the quality of equipment is a priority for acciona.org 

and ENERGETICA so as to gain customer acceptance of solar technology and reduce the 

failure rates. Even though they have replaced 2G-SHSs with 3G-SHSs (2G-SHSs are still used 

in Cajamarca), reducing O&M costs, high transportation costs make the microfranchisee’s 

permanence non-profitable. Providing electricity even with 3G-SHSs continues to be a 

challenge due to the remote location of communities, especially for acciona.org Mexico and 

ENERGETICA. For example, a range of 300–350 failures per month of 2G-SHSs made the 

maintenance work profitable for ENERGETICA, justifying the technician mobilization. 

Nowadays, 3G-SHSs have reduced this failure rate to 3%. To reduce the mobilization costs, 

ENERGETICA has a technician per 1000 or 1500 solar systems. The microfranchisees work 

on reparations once a week in their establishments or at local fairs that are developed by the 

community. Maintenance is an additional service, but not the core of the business in a 

microfranchising. In Peru, the O&M costs do not suggest a risk to technicians’ revenues 

because there is a fee-for-service model that covers these expenses. These are lower with 3G-
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SHSs in Napo, and higher with 2G-SHSs in Cajamarca. The only access to Napo is by boat; 

due to this remoteness, acciona.org implemented a PAYG model to minimize O&M costs. 

5.5.7 Local Training and Awareness Campaigns 

Acciona.org and ENERGETICA have learned that the higher the local participation in 

the projects is, the higher the users’ confidence is. This helps project management, making 

it easier. The lack of local capacities has been one of the main constraints or rural 

electrification, which is why acciona.org and ENERGETICA take the technicians’ training 

seriously. Thanks to this, technicians have been able to transmit their acquired knowledge 

to clients and carry out the activities of O&M and management. For example, in Cajamarca, 

there are 12 microfranchisees to date, whose preparation has taken about six months. They 

have received training in technology (solar systems), which supports O&M activities as well 

as training in sales, taxation, and entrepreneurship, supporting project management. 

As regards promotion, in Bolivia, ENERGETICA socializes the project with 

representatives of municipalities, leaders of farmer unions, and leaders of communities. It 

is a top-down process. The identification of needs is used to design bottom-up strategies to 

solve electricity constraints. To promote the dissemination of the projects, technicians take 

part in itinerant sales or radio campaigns that which help to maintain the sales level. 

However, it has a high cost because the population is scattered and isolated. This activity is 

a big challenge for acciona.org and ENERGETICA. 

Finally, local people appreciate being involved in off-grid projects because this is not 

only about technology introduction, but also about creating an environment of confidence, 

where they participate as entrepreneurs of a business, and a communication channel 

between community and promoters. 

5.6 Sustainability Factors for Off-Grid Electrification Based on the 

Lessons Learned 

In spite of the diverse challenges that are facing the projects studied, there is a valuable 

coincidence in its implementation and management. After analyzing the lessons acquired, 

it is possible to highlight how important it is to build off-grid strategies based on 

commitment, confidence, and flexibility. This approach strengthens the “virtuous circle”, 

making off-grid projects sustainable. The commitment of every partner supports the success 

of a project. Local participation is fundamental to create confidence, but the quality of 

technology and good project management are also relevant. The participation of local 

stakeholders is a plus, raising trust in communities and even with funding partners. 

Moreover, management models have to be able to adapt to local requirements and changing 

conditions through communication with communities and monitoring performance. Here, 

the microfranchising is positioned as the best-proven strategy to involve communities and 

provide a wide range of services. Table 5.3 and 5.4 summarizes the key factors identified 

that should be taken into account to deploy off-grid electrification in terms of sustainability. 
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Table 5.3. Drivers for off-grid electrification: Policies, stakeholders, and technology. 

Policies Stakeholders Technology 

Policies to promote 

off-grid 

electrification based 

on SDGs and social 

needs analysis 

Involving multiple-stakeholders: International 

cooperation agencies, multilateral banks, public 

sector (national, regional, and local), 

microfinancing companies, manufacturing 

companies, private sector, local promoters, 

universities, and community 

Introduction of innovative 

technologies based on local 

circumstances, e.g., 3G-

SHSs  

Policies to promote 

the introduction of 

PV technology and 

efficient appliances 

Stakeholder commitment 

Providing electricity 

services: Offering efficient 

appliances compatible with 

3G-SHSs (e.g., LED 

technology) 

Policies to ensure 

technical quality of 

equipment 

Raising trust among partners 

Assurance of SHS technical 

quality based on the IEC 

62257 series 

Policies to support 

financial issues 

Raising trust between partners and 

communities 
Assurance of O&M 

  Communication and feedback among partners   

 

Table 5.4. Drivers for off-grid electrification: Economics, social, and management. 

Economics Social Management 

Local economy assessment 

Networking building to take care of 

social needs (committees and 

microfranchisees) 

Identification of needs 

Financial possibilities to end-

users: Subsidies (for electricity 

service or 3G-SHSs technology) 

and microfinancing 

Generation of local employment 

through microfranchises 

Including innovative 

technologies  

Payment management and 

control (introduction of the 

PAYG model) 

Customer proximity (communication) 
Including innovative 

business models 

Setting up microfranchises  
Equality to consider the differences 

between communities 

Local people training in 

technology and 

management (sales, 

taxation, and 

entrepreneurship)  

Expansion of microfranchises to 

reduce the economic risk 
  

Agreement with 

manufacturing 

companies 

Ensuring technician’s revenues   

After sales services 

(including assurance of 

O&M) 

Affordability   
Adaptation to local 

circumstances 

    Monitoring 

    Flexibility 
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5.7 Discussion 

In the cases analyzed, there is still a need to strengthen the political commitment to plan 

and coordinate the development of projects between the grid extension and off-grid 

initiatives, and to enable or improve policies to electrify zones for those with low incomes 

and few possibilities of employment. Additionally, the national government has a 

prevailing role in energy policies, while regional and local governments support raising 

trust in communities. 

A multidisciplinary collaboration (PPPD or management of the ESCO model) supports 

the building of reliable projects based on the real needs of rural villages. Promoters should 

have a close relationship with their partners to provide quick responses to the community’s 

needs and political and market changes. Talking about financing, this is hard to overcome 

in spite of the flexibility of projects to adapt to the market needs for two main reasons. The 

first is related to the initial investment of promoters to develop the projects. The second 

involves microfinancing opportunities for end-users. Local public policies should 

incorporate financing facilities to promote off-grid electrification, attract private investment, 

and grant tax exemptions. Engaging local banks’ participation in rural areas is another need 

that ought to be solved by the government. In this way, the fee-for-service model is more 

advantageous than microcredits with subsidies. This is because fees are designed according 

to the equipment features, including associated costs to cover initial investment and O&M. 

Contrary to a statement of previous research [457], the fee-for-service model implemented 

in Peru shows that it is possible to recoup investment costs if the fee is realistic and well-

designed by the national government, supported by the promoter. The microcredit scheme 

needs subsidies to support the lack of liquidity of the population, but it is a more expensive 

option for them. Microcredits granted and managed by promoters (ENERGETICA) facilitate 

end-users’ payment, where the economic weight in projects becomes more important. In this 

case, subsidies are supported by international agencies and the local government directly, 

making subsidies permanence more difficult when foreign assistance ends. Finally, 

microfranchising is a sustainability strategy not only to increase population incomes or to 

guarantee customer proximity to meet local needs, but also to ensure O&M activities and 

provide a wide range of electrical services required by the population. However, it is still 

necessary to strengthen women’s involvement as entrepreneurs. 

The experiences acquired during the implementation of the projects are a valuable tool 

to innovate business models. Acciona.org and ENERGETICA have been improving the 

procedures and business strategies according to the monitoring results, the behavior of 

communities, technological response, and market and political changes. For example, the 

introduction of 3G-SHSs has improved the results of these case studies because they have 

lower prices, are more reliable, and are environmentally and user-friendly. This 

technological innovation helps to bring these programs to a larger population and to 

facilitate management through the introduction of a PAYG model. Therefore, a continuous 

assessment of projects supports the improvement and update of intervention strategies. This 

assessment should be a mandatory requirement to ensure the commitment of private 

companies and to involve the improvement of policies. 
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Even though the biggest threat of experiences analyzed comes from the low population 

density in rural areas in Latin America, the good organization and flexibility of these off-

grid strategies show that it is possible to leave no one behind. These strategies (a 

combination of business models and technology innovations) could even be a solution to 

facing future electrification challenges in Africa and Asia, where the most scattered 

communities will still lack access to electricity in the medium term. Future research could 

be addressed to analyze the extrapolation of these experiences in both regions. 

5.8 Conclusions and Policy Implications 

In previous experiences, providing a sustainable electricity service has been a complex 

task and has even been infeasible for promoters. This research offers new insights to support 

off-grid electrification under a sustainable approach, which means projects have to be built 

based on trust, commitment, and flexibility. The cases analyzed in Latin America show that 

a combination of ESCO (fee-for-service), PAYG, and microfranchising models with 3G-SHSs 

is the most suitable solution in terms of economic, social, and environmental efficiency. This 

model covers the technician’s revenues, investment, and O&M costs, and stimulates 

successful management. The combination of PPPD (with microcredits and subsidies), 

PAYG, and microfranchising models with 3G-SHSs supposes an economic risk of projects if 

microfranchises do not expand. This risk is even higher when microfranchising is the only 

economic activity of local people. The participation of municipalities as microfranchises 

supports the economic growth of this model because of the population confidence in the 

local government. Finally, PAYG boosts management and O&M, but it is also possible that 

a project that uses 2G-SHSs achieves success thanks to quality practices in management and 

O&M. In any case, promoters have to be capable to meet the requirements of the population 

and solve the structural vulnerabilities of the initiatives. Financing is the main weakness that 

demands more government commitment to achieving the goals of the 2030 Agenda. In other 

words, access to electricity must be a state policy that facilitates the participation of new 

actors and innovative business models and technologies. Private companies could find an 

opportunity to invest in rural areas, where 12 million people are still living without access 

to electricity. Nevertheless, governmental entities are what will lead to new investments and 

prioritize social needs. 
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6 Conclusions  

 

This concluding chapter presents a summary of the main results of this thesis according 

to the previously stated research questions. A general discussion, a set of policy implications 

for decision-making regarding off-grid renewable energy, the general conclusions that entail 

the main contributions of this PhD thesis, and the future research works are also presented 

here.  

6.1 General Overview  

This PhD thesis is a contribution to the fulfillment of the 2030 Agenda by focusing on 

two of the SDG7’s targets: (i) increasing the RE share in the global energy mix, and (ii) 

supporting universal access to energy. For these purposes, this thesis focuses on 

implemented off-grid renewable systems on small islands and rural areas, respectively. The 

areas of special interest are the Pacific Islands and the Latin America region. The research 

work, based on a mixed-methods approach, which included an extensive review of 

literature, fieldwork, the application of energy system modelling software, interviews and 

surveys, has allowed the hypothesis stated to be verified. First, renewable off-grid systems, 

which apply mature technologies, are the most cost-effective alternative for small islands 

and rural communities. Second, these systems facilitate a reduction in the costs of electricity 

generation, help to improve the quality of life of people and to reduce GHG emissions. 

Third, in both contexts, there are well-designed and implemented business models at a 

certain level. However, these required some innovations to spur energy transition. Thus, 

several issues should be addressed. The verification of the hypothesis is clarified throughout 

the following sections. 

6.2 Results and Discussion 

This section presents a summary of results of the thesis in accordance with the research 

questions listed in the Introduction (Chapter 1). These questions have been addressed 

previously in Chapters 3 and 4 for small islands and in Chapter 5 for rural areas.  

6.2.1 Results for Small Islands: Contribution to Increasing the RE Share in the Global 

Energy Mix 

Firstly, this PhD thesis offers a comprehensive state of the art of hybrid renewable mini-

grids on small islands, which leads to the design and implementation of resilient energy 

generation systems according to the local conditions. In most small islands worldwide, there 

are non-interconnected power generation systems mainly based on diesel generators, which 

means higher electricity prices as a result of costly imported fossil fuels. Hence, the 

introduction of RE is imperative to addressing the islands’ vulnerabilities and favoring their 

development, regarding their characteristics. These characteristics include (i) size, 
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remoteness, and insularity, which make endogenous development more challenging and 

means huge dependence on foreign markets because of the narrow resource base; (ii) 

environmental conditions linked to ecological value, which is compromised by population 

growth, intensive economic activities, and the demand for services and infrastructures (e.g., 

large power plants to cover the demand); (iii) the tendency of these territories to be subject 

to extreme weather conditions and natural disasters, which highlight the importance of 

resilient strategies to reduce the level of damage; (iv) the availability of RE resources, which 

varies according to the location of the islands and represent a significant opportunity to 

reduce fossil fuel demand; and (v) the economy that plays an important role to reach a 

sustainable balance between the demand of goods and services and development. Under 

these conditions, the islands have introduced RE on a large scale to reduce fossil fuel 

consumption, improve their level of development, and mitigate the negative effects of 

climate change.  

The results of this thesis show that there are significant differences between the islands’ 

RE achievements as a result of their regional location (linked to available renewable 

resources, geographical conditions, and the country of origin), level of development 

(between islands belonging to developed or developing countries), the culture of 

inhabitants, and human resources. Within this framework, policies and investment 

capacities have influenced the conception and implementation of business models for RE. 

The definition of business models implemented by the islands is based on a clear 

identification of funding sources (including the differentiation of international funders, e.g., 

cooperation agencies) since the 2030 Agenda looks for new ways to enable partnerships for 

better progress. Therefore, it has been proven that well-designed business models can 

guarantee greater RE penetration.  

In case of small islands, which belong to developed countries, mainly located in the 

North Pacific and Atlantic Oceans, and from the Mediterranean Sea, there are better 

indicators in the introduction of RE, over 60% of RE share in the total mix. Their business 

models have been supported by a robust regulatory framework (including both RE and EE 

targets) and are characterized by the capacity of public/private sectors to cover up-front 

costs and constant innovation thanks to the research sector. The awareness of the energy use 

of local communities is also remarkable. It has been demonstrated that islanders can even 

participate as investors, which increase the efficiency of projects. Small islands from 

developed countries have applied public and hybrid business models. The first one is less 

common but it has a robust public sector. The second one, the hybrid model, that presents 

two configurations: public – private and public – private – community-based collaborations 

are the most successful. Here, the private sector is in charge of O&M tasks. 

Whilst, small islands from developing countries have presented the worst performance 

in achieving their ambitious RE targets. RE penetration is currently less than 20%. These 

islands lack effective policies and attractive mechanisms for the promotion of RE. In those 

territories, the hybrid model is widely used and have two configurations. The first one is 

public with an international cooperation model, which is the most common. Here, the public 

sector has serious barriers in establishing collaborations at both the vertical and horizontal 

levels. Moreover, the lack of trained people has negatively impacted on the design of 

proposals to get financing and to ensure O&M activities adequately. Another drawback is 

the weak transfer of knowledge from implementing partners (international cooperation and 
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private parties) to local technicians. Furthermore, there is no widespread awareness of 

energy consumption, which reflects the growing demands of electricity. Only those islands 

with lower electricity demand, which is linked to their level of economic development, have 

achieved high RE shares. However, these islands also face financing, institutional, and social 

limitations. The second configuration, made up of the public and private sectors and 

international cooperation, has similar features to the previous model. The private party is 

given a period of concession to manage, operate, and maintain the RE projects. There are no 

extensions over time, and ownership is transferred to the public sector. Both conceptions of 

business models are economically unsustainable to fund a progressive implementation of 

RE projects and to build local capacities, which also affects the costs of electricity generation. 

Furthermore, local participation has been ignored in decision-making or project 

involvement. 

This PhD thesis also found that the capacity of island power systems ranges from 

between 1 to 90 MW. Wind technology is the most competitive in the Atlantic Islands, while 

solar PV is widely installed in the Pacific Islands. Hydropower plants are only installed in 

islands with high elevations. To implement more sustainable systems, a combination of 

different RE technologies, storage energy and advanced control systems is necessary, with 

diesel generators running as a back-up. Doing this has been mainly possible for islands from 

developed countries, which have all resources necessary to implement robust and reliable 

energy systems. The least developed islands remain behind in their own goals, with very 

little support for the SDG7. It seems to be that they have misaligned targets; however, the 

absence of sufficient economic and human resources and weak international assistance 

hinder the understanding of how to undertake the decarbonization. Aligned to this, for more 

successful support in increasing RE penetration in the global energy mix, in-depth 

knowledge of the contexts is imperative, considering the potential of RE resources and their 

technological associated costs, geographical conditions, the capacity of financing, potential 

partners for the public sector, incentives for business, research support, social engagement, 

and environmental care.  

This recommendation has been put in practice by studying the case of the hybrid power 

system of Baltra–Santa Cruz in the Galapagos Islands (see Chapter 4). This generation 

system has an RE share of only 18% and the price of electricity is subsidized and non-audited 

(24.31 USc/kWh in 2018). Therefore, once the energy modelling software HOMER Pro is 

applied, it has been determined that, under market conditions, the real cost of electricity is 

32.06 USc/kWh. To reduce the demand of fuel for electricity generation, some scenarios have 

been analyzed, regarding the technical, socio-economic, environmental and political 

constraints of the context. Thus, the results revealed that the introduction of PV technology 

is the most techno-economically viable solution. This is explained by the ample solar 

resource and much more competitive investment prices of PV. With an additional PV and 

batteries capacity of 18.25 MWp and 20.68 MWh, respectively, the electricity costs would 

decrease to 18.95 USc/kWh and the RE would increase to 39%. In any case, with the 

successful implementation of the Ecuadorian National Energy Efficiency Plan, the PV 

capacity would be 9.40 MWp, achieving 37.5% of RE penetration and decreasing the 

electricity cost to 17.10 USc/kWh. Energy planning based on local conditions must consider, 

for example, the island's ecosystem that is usually affected by the intensive use of land of 

large power plants and transmission infrastructures. Therefore, the limited space on the 
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islands leads to finding other ways of supporting the energy transition, contributing to the 

protection of the great ecological value of the islands. In this sense, boosting the 

democratization of energy through distributed generation would be the best strategy. 

Thanks to this PhD thesis, it has been identified that there is 18 MWp of PV potential in the 

urban area of the Island of Santa Cruz, and its application would reduce the user’s electricity 

bill by more than 50%. However, here, the implementation of large and small RE capacities 

demands more than techno-economic assessments. Social commitments and political will 

are essential for the decarbonization of the island’s power system. This is why this thesis 

also presents a mixed-business model proposal that involves partners from the public and 

private sectors, the participation of international cooperation and islanders. For leveraging 

resources, conducting to a paradigm shift in energy planning requires starting with the 

design of solid policies and regulations, and the creation of an adequate outlook for doing 

business, where society and environment become the center of decision-making. The first 

step is to build strong engagements among public institutions and enable the contribution 

from tourism to fund RE projects since its impact on energy consumption is considerable. 

Similarly, given the fact that foreign aid has been typically conceived as a strategy to support 

private companies from donor countries, the national regulations must ensure quality in the 

transfer of knowledge and adequate capacity building after finishing the implementation 

phase of projects. As regards private parties, they should be involved as funders, trainers, 

and implementing partners. The participation of local banking institutions is also required 

to enable green credits and funding. Finally, community involvement is necessary to 

support RE projects and acquire a shared responsibility for environmental protection. 

6.2.2 Results for Rural Areas: Contribution to the Achievement of Universal Energy 

Access   

In Latin America, there are still 12 million people living without access to electricity. 

Their living conditions linked to a remote and scattered location from populated areas, their 

very low level of incomes even below the poverty line, and their scarce opportunities for 

employment make finding other ways of providing access to electricity imperative. To 

achieve access to universal electricity, this thesis underlines that 3G-SHSs (PV technology + 

lithium batteries + high-efficiency appliances) are the most attractive technology for 

powering the poorest in the hardest-to-reach locations. The analysis of three ongoing 

projects based on off-grid renewable technologies shows that confidence, commitment, and 

flexibility are the pillars of sustainable electrification. The first one refers to the confidence 

among partners, and between partners and local communities. The second one entails the 

engagement of every partner in rural projects, including local inhabitants. Flexibility 

explains the quick adaptability of projects to changing conditions such as a change in 

decision-making positions that could affect project support and the introduction of modern 

technology that reduces investments and management costs and failure rates. Rural 

electrification must be aligned to the cutting edge of technology. 

Part of the success of these projects is because of the support received by national, 

regional, and above all, local governments. Acciona.org Peru, acciona.org Mexico and 

ENERGETICA agree that local public entities play a pivotal role in raising trust with 

communities. Nevertheless, despite this, the concessions schemes have limited the extension 
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of projects, specifically, for acciona.org Peru and Mexico to achieve a wide population with 

SHSs. Contrary to that, in Bolivia, given that municipalities are in charge of rural 

electrification, ENERGETICA has more opportunities to extend the project throughout the 

country. Beyond that, there is a common agreement that access to electricity must be a state 

policy to reinforce and modernize regulations and minimize funding drawbacks, especially, 

to cover the initial investment. 

Current intervention strategies for electrification are not only to provide electricity 

services but also to facilitate development opportunities for local inhabitants. As a rule, past 

experiences have failed because they have been led by only one actor or have disregarded 

strategic points such as maintenance assurance. This PhD thesis offers new insights into the 

guidelines for rural electrification. Thus, it has been proven that rural initiatives become 

successful (permanent and replicable) when there is a combination of different business 

models with innovative technology to address the typical barriers to rural electrification. 

The combination of an ESCO (cross-subsidies), PAYG and microfranchising models with 

3G-SHSs is the most sustainable alternative. The ESCO model based on a fee-for-service 

scheme allows the project’s initial investment and O&M costs to be covered by careful and 

well-designed fees (based on features of technology and an extensive study of people’s 

incomes). This model requires effective policies and regulations. The PAYG model facilitates 

management, O&M, monitoring and reduces associated costs. The microfranchising model 

enables entrepreneurship opportunities for the population, increasing families’ incomes and 

facilitating communication among partners and communities. 3G-SHSs are the most 

efficient, friendly user, and affordable technology for isolated populations. From a general 

perspective, this combination encourages investments, assures the technician’s revenues, 

O&M activities and helps management. A second model based on a combination of a PPPD 

with microcredits and social investment subsidies, PAYG and microfranchising models with 

3G-SHSs presents an economic risk if microfanchising does not expand the number of sales. 

Here, the behavior and commitment of communities will remain key for better outcomes of 

the projects, which is also linked to constant training in management and technology. 

Achieving success with 2G-SHSs is also possible; however, economic risks are exacerbated 

because the number of equipment failures is much higher than 3G-SHSs. Technicians have 

to travel more frequently to users’ houses to solve failures which mean additional 

transportation costs because of distance. Nevertheless, this situation is offset by well-

organized technical quality procedures based on IEC standards either in management or in 

technology per se. The project implemented in Peru is an adaptation of the acciona.org’s 

project in Mexico. Indeed, the acciona.org Mexican model is being expanded to rural areas 

in Panama and refugee camps in Ethiopia.  

In spite of the positive characteristics of the projects studied, the initial investment 

remains a challenge, demanding more government engagement and funds from 

international markets. In the same vein, it is well-known that developing countries have 

weak banking facilities or simply lack these institutions as in the case of the countries 

studied. Nonetheless, local banks are necessary to support not only the upfront costs of 

projects but also the financial requirements of the rural population. This must be included 

in national development agendas for a real democratization of energy and for leading a 

profound change in traditional off-grid projects, facilitating the establishment of local 

businesses (e.g., microfranchises). The endeavors of public, private and international 
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organizations as well as communities are important in achieving a generalized success of 

rural projects. As regards local participation, a remarkable weak link in projects is the lack 

of women’s participation as real agents of change. They are currently working to support 

communication between acciona.org (Peru and Mexico) and beneficiaries by rural 

committees. Meanwhile, in Bolivia, women assume the responsibilities of their husbands in 

microfranchises if these are the second economic activity of the family; however, while 

doing fieldwork, I verified that women can easily acquire a leading role. 

There is no unique pathway in off-grid renewable electrification, but what is clear is 

that governments or private companies cannot work in an isolated manner. This PhD thesis 

has demonstrated that it is possible to get successful outcomes in rural electrification, which 

requires the participation of local inhabitants for better performance of projects and to build 

trust in communities. 

6.2.3 Off-Grid Renewable Energy Systems: Islands vs Rural Areas 

Based on the results of this PhD thesis, this section sums up the main technical, 

economic, financial, social and environmental needs that should be addressed to facilitate 

the introduction of RE in small islands and rural communities. For a better understanding, 

whenever possible, a comparative analysis has been included between contexts.  

 

- Technology 

First, given the fact that this thesis examines centralized power generation systems on 

small islands to cover most of the demand for electricity, it has been determined that the 

configuration of large power hybrid renewable mini-grids vary depending on the renewable 

resources and financing available. In practice, the power capacity of these generation 

systems ranges from between 1 to 90 MW, highlighting that there is no theoretical limit for 

the capacity of hybrid mini-grids. Wind farms have been mainly implemented on the 

Atlantic Islands, whereas PV power plants have more presence on the least developed island 

from the Pacific. Hydroelectricity has been mainly implemented by islands from developed 

countries with high elevations and hydro resource, or with possibilities to desalinate water. 

There are also hydro generation experiences on islands with a larger population in the 

Pacific [512–514]; however, for the Galapagos Islands, the lack of political will has inhibited 

the study of the techno-economic and environmental feasibility. As regards biofuels and 

biomass, these technologies are the most expensive as it is necessary to develop studies into 

the internalization cost of their social and environmental benefits. Energy storage systems 

are crucial for both developed and developing islands. Finally, small islands from the Pacific 

Ocean still require their generation systems to be optimized to reduce fossil fuel 

dependency. In the Galapagos Islands such as Santa Cruz and Baltra, the most cost-effective 

technology is PV together with battery storage systems on a large scale together with a 

distributed generation in the major sectors of electricity consumption. There are good 

examples of the application of distributed generation in other Pacific Islands such as the 

Cook Islands, Fiji, and Kiribati [512]. Nevertheless, the Ecuadorian Government mostly 

tends to support large scale projects, which is also reflected by the recently launched 

Electricity Master Plan 2019-2027 [515], without real consideration for local constraints such 

as the intensive use of land and its relationship with biodiversity. Even though distributed 

generation could be a suitable alternative for islands to minimize transmission costs [96], 
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energy planning must consider investments to adequate electrical networks for bidirectional 

power flows.  

Second, PV technology, which is widely spread to cover small electricity needs, is the 

most competitive in rural areas. For contexts such as rural areas in Latin America, where the 

population is highly dispersed and even live far from populated centers, 3G-SHSs are the 

most reliable, affordable and environmentally friendly alternative. Added to this, this is an 

end-user installation technology, which facilitates its implementation. Traditional SHSs that 

include higher PV capacities and conventional storage systems tend to be more attractive 

for people with more economic resources, but also require technical expertise to install them 

and present a larger number of failures than previous systems, which affects communities’ 

confidence in the projects. The technological change from 2G-SHSs to 3G-SHSs shows that 

markets at the base of the pyramid are demanding more affordable and reliable technology. 

This thesis does not study mini-grids for electricity access in rural areas since these are 

suitable for environments with a higher population density, the opposite situation to the 

cases studied.  

Another important aspect related to technology is quality assurance. In the Galapagos 

Islands, there is a lack of procedures to guarantee the quality of technology in accordance 

with international standards (see Appendix II). While, in the case studies from rural areas, 

quality assurance is a component of projects to guarantee the reliability of the technology. 

This is understood by the fact that rural people cannot afford to waste money on something 

that does not work well or will not last. From the perspective of this PhD thesis, quality 

control procedures must be a general requirement of RE projects regardless of the purpose 

since this has a high impact on the investment, management, social acceptability, and 

sustainability of projects. 

 

- Economic 

Identifying economic activities is a fundamental factor in designing a proper energy 

generation system given its substantial relationship with the demand for electricity. For 

instance, small islands with attractive tourism present higher economic growths and, in 

turn, higher electricity consumption. From a sustainable perspective, the main economic 

activities of small islands should contribute to energy transition, which was demonstrated 

in the case study of the Galapagos Islands (Chapter 4) by a business model proposal to fund 

RE projects from tourist fees. The differences in economic activities between rural areas and 

small islands are significant, but for both, the consideration of affordable electricity service 

is pivotal for energy justice. Energy providers cannot introduce an energy system that 

communities either cannot afford or do not need.  

 

- Social 

There is a great difference in the participation of local people between islands and rural 

areas. As mentioned before, in small islands from developed countries such as Kodiak 

Island, the participation of islanders depends on the culture that involves a sense of locality, 

responsibility, and traditions in being entrepreneurs, which gets them involved in energy 

projects. Conversely, in the least developed islands such as the Galapagos Islands, there is a 

lack of energy identity, thus, spreading awareness about the use of energy and the benefits 

or RE initiatives is fundamental. This would support, for example, the setting up of islander 
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communities to deploy PV projects at residential and commercial levels. Meanwhile, in rural 

areas from cases studied, local participation is understood as a component of projects to 

guarantee sustainability since projects are being extended based on confidence. This is why 

promoters care about this aspect while designing and implementing projects. However, 

there is no active role of women, when their participation must be assumed from leadership 

positions.  

This PhD thesis states the importance of involving people within a real community 

environment in both contexts, creating various avenues for livelihood. This gives rise to the 

opportunity to act as grid-connected prosumers (e.g., distributed generation in the 

Galapagos Islands) or off-grid prosumers (e.g., cases studies from Mexico and Bolivia) to 

manage their system and to cover and control their electricity needs. This would limit the 

ESCO model but it is complemented by the cooperative spirit from microfranchises. 

 

- Financial 

Whereas small islands from developed countries have capacity funding (public and 

private), access to finance has been a permanent issue for small islands from developing 

countries, which have mainly relied on funds from international cooperation, limiting 

private investment. This is a result of weak and protectionist policies and the lack of 

innovative regulations and capacities. From the user perspective, islanders could become 

prosumers based on the energy citizen community concept recently embodied by the 

European Union that reflects wide experience into its application. The limitation of this new 

model arises from low electricity tariffs (highly subsidized) and the lack of awareness about 

energy and climate in the least developed islands. However, the first step to introduce this 

model could be supported by lower investments in RE as suggested in Chapter 4 that 

analyzes the case of the Galapagos Islands, where an innovate business model is presented. 

Meanwhile, in rural areas, according to the projects studied, there is a combination of 

different actors to fund the projects. Public and private sectors, multilateral banks and donor 

agencies support initial investment although this remains a concern for the projects’ 

extensions. Similarly, from the user point of view, being an off-grid prosumer is highly 

scalable and, at the same time, users’ subsidies (applied in tariffs or equipment) are 

considered a catalyst to off-grid markets. The conception of subsidies in both cases (small 

islands and rural areas) establishes a significant difference in the attractiveness to investors 

because of sustainability issues.  

 

- Environmental 

The introduction of RE is key for environmental care and the mitigation of climate 

change, reducing CO2 emissions. It is also key for resilience, pinpointing the technological 

introduction should be adapted to local circumstances. For small islands, the use of land for 

large power systems such as PV or wind and its impact on the ecological value must be 

considered in the energy planning. Similarly, biofuel harnessing gives rise to a possible 

competition between the use of land for agriculture or energy production, as well as the 

limitation of land on islands for this purpose. Furthermore, if this resource is not produced 

locally, the impact on electricity generation costs is higher, which has been demonstrated in 

Chapter 4. In any case, the lack of studies into the cost internalization of environmental 

benefits of biodiesel makes its promotion infeasible. These matters justify the importance of 
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concern into the environmental impacts and benefits for a consistent RE introduction. In 

rural areas, 3G-SHSs not only drive environmental matters but also social benefits through 

the replacement of conventional energy to meet basic electricity needs.  

Beyond that, environmental concerns also advocate bringing synergies between energy 

transition and circular economy [516], which could be attained by optimizing resources 

through the disposal of batteries at the end of their life cycle and the promotion of energy 

efficiency. This tackles manifold challenges, especially in developing countries, where the 

circular economy has received insufficient attention [517].  

6.2.4 Business Models for Off-grid Renewable Solutions in the Most Vulnerable 

Contexts 

Based on past experiences, the scientific community has defined each typology of 

business model in a rigid manner [107–110,112,419]. For example, the public business model 

definition states that national governments are unique funders, without the proper 

identification of public financing sources, leaving an information gap to understand 

difficulties in obtaining funds in some cases. Furthermore, there is a lack of integration of 

the four pillars of business models such as management, products, customer interface, and 

financing [119]. These definitions should be more consistent rather than general to address 

contextual concerns related to environmental, economic, and social conditions. 

Additionally, defining a unique business model to support off-grid renewable electrification 

is not possible due to a wide range of local circumstances, in other words, there is no one-

size-fits-all. For instance, business models are influenced by the technologies selected, the 

population scope or demand [112,119]. But at the same time, it is clear that business models 

led by only one actor are not addressing shortcomings for the introduction of renewable off-

grid solutions. Thus, this section focuses on offering a new overview of mixed business 

models based on those identified in small-island contexts and the Galapagos proposal as 

well as the rural electrification experiences of cases analyzed. The results of this PhD thesis 

confirm that supporting the SDG7 demands not only the participation of multiple actors but 

also a combination of innovative and successful business models beyond organizational and 

ownership matters.  

For the successful implementation of off-grid RE solutions in fragile environments, 

well-designed business models that consider local conditions are necessary. According to 

the experiences analyzed in this research, a hybrid business model results from the 

participation and commitment of multiple actors, and a combination of different business 

models to support policies, financing, technological implementation and quality, capacity 

building, social and environmental concerns, and projects sustainability in a long-term. 

Hybrid business models are most successful on small islands from developed countries and 

rural areas. However, in rural areas, these are still lacking governmental support and 

financing assurance since the funds provided by multilateral banks or donors are not 

enough to cover the total gap in access to electricity. In small islands from developing 

countries, the government is usually reluctant to consider private participation, relying 

more on international donations, and sacrificing, to a certain extent, the opportunity for a 

long-term perspective. From an organizational perspective, multiple actors can be involved 

in off-grid projects, where the public sector acts as a leader of initiatives. Among partners 

and/or funders, there are the private sector, cooperation agencies, multilateral banks, local 
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banking, and the scientific community. Their participation is focused on expertise, a 

development agenda, and business. These are in charge of covering the initial investment or 

giving financing facilities for the local population to acquire RE technology. There is also the 

participation of the local population (islanders or rural communities) as a key partner in the 

energy transition to build energy and environmental motivations, awareness, and 

confidence in projects through derived business models. Local inhabitants should be well-

trained in management and technology, but this is difficult to achieve especially in small 

developing islands. Donors and international entities are devoted to supporting developing 

countries or regions. Whereas the scientific community enhances innovation and constant 

improvements according to the evolution of RE markets, and its participation is more 

prominent in small developed islands. From the value proposition, technology and services 

are implemented according to the resources, funds, and incentives available. Innovation is 

a driver to improve efficiency and guarantee the technical quality of projects. However, most 

RE projects in developing contexts do not integrate this factor within the design of business 

models, where a scientific community and private entities play a pivotal role. Depending on 

the technology, complementary business models can be implemented, such as PAYG in 

rural areas to manage fees and O&M tasks. Referring to revenues, related business models 

and mechanisms are mainly for profitability, but in fragile environments, this also tackles 

affordability through tariffs and subsidies to support people’s investments. Richter [118] 

affirms that revenue mechanisms could be easily adapted by the utilities; but, in reality, this 

is only possible with high political will. However, enacting adequate legislation and 

regulation is still required (e.g., to support fee-for-service and microcredits through local 

banking facilities). Finally, the customer interface is characterized by the active participation 

of local people assuming different roles, such as: (i) a channel of communications between 

promoters and communities; (ii) communal leaders/technicians to share knowledge and 

awareness and to spread confidence in projects; and, (iii) owners and managers of their 

energy systems. Here, microfranchising and citizen energy communities are the best 

examples to involve local inhabitants in RE projects, and both business models can be 

adapted to specific contexts. Nevertheless, a wide social awareness of energy is still lacking 

which limits the efficient consumption of electricity. Table 6.1 sums up the advantages and 

disadvantages of hybrid business models in vulnerable contexts. 
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Table 6.1. Pros and cons of hybrid business models in vulnerable contexts (own elaboration). 

  Small islands 
Rural Areas 

  Most Developed Islands Least Developed 

Goal 

Increasing RE share, mitigation of climate change, 

reduction in fossil fuel consumption, and reduction 

in the price of electricity 

Increasing RE share, mitigation of climate change, reduction in 

fossil fuel consumption, reduction in the price of electricity, 

and improvement in access to electricity 

Increasing the level of access to electricity, and 

improving the living conditions of people 

  Pros Cons Pros Cons Pros Cons 

Management 

Public-private 

participation 

In most cases, low 

participation of the 

scientific sector 

Leadership by the public 

sector 

Difficulties in establishing solid 

alliances in the public sector at 

vertical and horizontal levels 

Public-private participation 
Public support is still 

required 

Committed partners    
Support from international 

cooperation 

Ineffective international 

cooperation in terms of capacity 

building and exchange of 

experiences 

Support from international 

cooperation 

Low participation of 

the scientific sector 

Confidence     Limited private participation 
Support from multilateral 

banks 

Lack of support of 

the local banking  

Easy adaptability of 

business models 
    

Lack of participation of the 

scientific community 
Committed partners    

Participation of the 

research sector 
    

Lack of continuity of 

concessionary models 
Confidence   

Substantial agreements     

Inadequate transfer of 

knowledge from implementing 

partners to local technicians 

Flexible business models   

  Human resources     

Lack of sufficient local capacities 

at institutional and technical 

levels 

Substantial agreements   

  Assurance of O&M     
Lack of EE means or poor 

application 
Assurance of O&M   

  Reduction in LCOE     
Competition between RE and 

energy access goals 
Affordability   
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EE means as a 

complement of RE 

projects 

          

Financing 

Public-private funds 

Competition with 

pollutant energy 

systems  

Public funds 
Lack of/limited private 

investment 
Public-private funds 

Financial 

shortcomings 

because of policies 

Dedicated financing High up-front costs 
International funds from 

cooperation 
High up-front costs Dedicated financing   

Attractive incentives for 

RE 
    Very limited private funds 

International funds from 

cooperation and 

multilateral banking 

organizations 

  

      

Limited schemes to fund RE 

projects and high subsidies for 

fuel 

Cross-subsidies and 

microcredits 
  

      
Investments mostly focused on 

large power plants 

Constant improvements to 

cover transportation costs 
  

Value 

proposition 

Advanced technology  

Insufficient 

information about 

technical quality 

procedures 

  
Weak energy storage and control 

systems 
Tecnological innovation   

Innovation in control 

systems 
    

Technology is not always 

adapted to local circumstances 
Adaptability to needs   

      
Lack of technical quality 

procedures 

Application of technical 

quality standards 
  

Customer 

interface 

The involvement of the 

local population raises 

cooperative business 

models 

Few examples of local 

participation 
  

Lack of communication with 

communities 

High participation of local 

communities 

Limited participation 

of women as 

entrepreneurs and 

local leaders 

Assurance of revenues      
Lack of/low awareness about 

energy and climate 

Job creation and promotion 

of entrepreneurship 
  

Committed population to 

RE and EE means 
    Scarce local commitment Inclusiveness   
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There is a wide variation of hybrid business models in vulnerable contexts, and major 

barriers are observed in the least developing islands because of their protectionist policies. 

Policies could be redirected to integrate more actors in energy transition with international 

cooperation support. Energy transition requires a profound change in the perspective of 

energy planning for greater involvement of people and the private sector to get better 

outcomes. Similarly, opportunities are identified in different dimensions: (i) the 

diversification and leverage of funds, (ii) technical quality assurance is of the utmost 

importance in developing a value proposition, (iii) social entrepreneurship, (iv) extensive 

awareness campaigns and capacity building. This requires greater receptivity to change 

from public institutions.  

 

Given the size of these markets, well-planned and implemented initiatives to create 

sustainable and resilient energy systems would send a strong message to the international 

community. Along the same, this PhD thesis identifies the most potential business models 

to support the SDG7, highlighting that the definition of the ESCO, microfranchising and 

PAYG models is in accordance with the findings of this thesis. The potential business models 

are defined below: 

 

- Auction is a tender scheme to procure a certain capacity of renewable-based energy 

systems in a well-planned, cost-efficient, and transparent manner. Their main 

characteristics are (i) flexibility in the design based on local conditions, e.g., on the 

maturity of the electric power market, (ii) potential for bringing out the real price of 

renewable technology under competitiveness, (iii) capacity to control prices and 

quantities of RE required by revenue guarantees, and (iv) commitment and transparency 

reflected by a contract in which the obligations and commitments of each party are 

clearly established [518].   

- Citizen energy community is characterized by the complementarity of different energy 

sources, flexibility, the interconnectivity of different actors and bi-directionality of 

energy flows [519]. This model has a democratic functioning, and its goal is to provide 

environmental, social, and economic benefits rather than financial profits, stating that 

responsibilities and rights of the members must be fully respected [520].  

- The ESCO model reveals itself as the most appropriate alternative to boost energy access 

under a regulated and transparent energy market. This model can cover investment and 

derived activities of off-grid electrification such as O&M. Electricity fees, which are 

supported by cross-subsidies to guarantee affordability and reduce inequalities in 

communities, are designed in a collaborative environment in which the public sector is 

advised by private or other stakeholders. From an organizational perspective, this model 

has the potential to attract private, public international and cooperation funds for the 

implementation of off-grid projects. 

- Microfranchising, in the energy access sector, this is a model-driven by entrepreneurship 

to provide products (e.g., electrical appliances) and support O&M tasks, fee collection, 

communication, and above all, to contribute to local development through the creation 

of jobs. Microfranchisees are leaders and technicians well-trained to guarantee a quality 

of service, which in turn, helps to build confidence in off-grid projects and promoters. 

The biggest challenge of this model is to increase product sales to ensure money flow for 
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the project. However, its greater opportunity is the involvement of local people 

especially women and governments as microfranchisees, while the flexibility of 

adaptation is its most important characteristic. 

- The PAYG is a technological model based on banking facilities to support rural 

electrification projects. This model can be implemented as long as SHSs include 

communications systems (e.g., 3G-SHSs). It is a successful mechanism in reinforcing 

management efficiency through fee collection and operational activities such as 

maintenance work and enabling/disabling electricity service. PAYG is a complementary 

model of microfranchising and fee-for-service models and also of microcredit schemes. 
 

The implementation of these models is linked to local conditions and willingness of 

decision-makers to spur competition and reduce entry barriers for stakeholders. This is why 

policy implications for decision-makers are presented in the next section. 

6.3 Policy Implications for Decision-Makers 

The 2030 Agenda is of course far from achieving its targets due to the substantial 

shortcomings that the most vulnerable contexts are also facing. This mainly refers to issues 

in building-up financing, the lack of effective regulations to encourage competitiveness and 

to create an appropriate environment for RE, and the poor participation of the local 

population. Involving people in energy transition has been widely promoted, but this has 

received less importance by most governments. Energy measures should be more consistent 

and holistic and must be accompanied by a clear vision of how to achieve the SDG7, 

regarding the characteristics of each context. Hence, policy recommendations are given to 

address these concerns that are exacerbated by large global imbalances and inequity. 

The definition of public policies for small islands from developed countries is clearly 

linked to a coherent domestic government with global targets about energy transition and 

climate change. The process in the introduction of RE depends on a complete package of 

initiatives in which RE and EE means are well-integrated. However, there are only few 

examples in which islanders are called to be part of these initiatives, showing their 

responsibility for energy and nature and even being part of the investments. Furthermore, 

some islands, for example, from the EU, have a conflict between self-resilience goals and 

policies in energy connectivity and the integration of markets. Some governments have used 

integration policies to argue against RE even on small and de-centralized scales due to 

spatial issues and high population densities, preferring to boost fuel-based exchanges [521]. 

There is still a debate on how to be more precise in finding decisive and more 

environmentally sustainable solutions in the energy sector, minimizing the degree of 

dependence. Nonetheless, this also reflects that most decisions focus on economic aspects 

and the influence of traditional energy markets, which require a major commitment of local 

governments and inhabitants to support a real transformation to green economies. As 

regards small islands from developing countries, these are more inefficient in achieving 

their targets. Conservative policies hinder private participation and mean a high 

dependency on donor nations, who also support their own companies in deploying RE 

projects, limiting the participation of private parties as potential funders and partners. This 

also has led to weak agreements, lacking adequate pricing and regulation structures [522]. 



Chapter 6. Conclusions  

 

173 

 

Insufficient resources in developing countries mean that international cooperation will 

continue to be a significant stakeholder in the energy transition. Based on that, a 

restructuring of international cooperation agendas is required together with local targets, 

enhancing governmental commitment to building an appropriate environment for a green 

energy future, enabling incentives and auditing electricity prices, matching global policies 

in energy and climate, integrating local inhabitants as real agents of change, and fostering 

energy democratization and justice. Furthermore, RE and EE initiatives should be linked to 

accelerating progress. For a general point of view, most islands have preferred to install 

large RE capacities making it evident that this might not be the most appropriate solution. 

Energy policies should analyze the benefits and effects on the environment and biodiversity 

together with spatial governance to figure out the best RE configuration and system. The 

distributed generation and related business models should be studied to address the 

barriers and to develop economies of scale. Energy plans on islands should be a task for the 

representatives of national governments along with local authorities and society to tackle 

opportunities, barriers and the needs of the contexts. 

In rural areas, specifically, from case studies, public policies rely on concessionary 

schemes for access to electricity, and funding mainly depends on international cooperation 

and multilateral banks. Even though great progress has been detected to contribute with 

potential solutions in this field, governmental support is still required to build an effective 

political framework and regulations for the extension of the projects. Cooperation agendas 

for development and international funding portfolios must be restructured to channel their 

interventions and funds adequately, and rethinking their assistance-oriented model, 

respectively. Unlike with small islands, here, subsidies for RE users are considered a catalyst 

for global solutions. This facilitates the implementation and sustainability of projects, 

making rural electrification more attractive for private funders and most importantly, 

making the electricity service affordable for the population at the base of the pyramid. Even 

though the costs of RE technologies, especially for PV, are dropping due to technological 

advances, the impoverished conditions in which people live make it difficult to access 

technology; therefore, public support is essential for the creation of subsidies. 

More pragmatic approaches for rolling out off-grid renewable technologies are 

necessary, and local agendas should be designed in a comprehensive way to enable and 

maintain a stable and attractive environment for investments while ensuring the long-term 

reliability of energy systems. Policies must consider local conditions at all levels such as 

environmental, social, economic, and cultural. The key is to highlight the link between 

energy, society, and the environment. Related targets must be also included in national 

commitments to the 2030 and climate agendas to apply for a wide range of funds. 

International cooperation must have a guiding role in energy policies, promoting the 

exchange of experiences and knowledge to support capacity building and attract private 

investments. The public sector has a leading role and must adopt energy identity to 

prioritize actions, technologies, funds, incentives, and subsidies channelling. Private parties 

can provide funds, ensure technological introduction, the following of quality standards and 

build capacities through technical training. Regarding local participation, experiences from 

cases studies in rural areas show that people are keen to support energy initiatives, standing 

out that bottom-up strategies are more crucial than ever. To sum up, innovation in business 

models can be also improved regarding technological breakthroughs and the consideration 
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of local barriers that need to be addressed. Multi-stakeholder partnerships and the 

combination of business models must go further to add benefits in financing and 

management. Auctions, the ESCO model, citizen energy communities, microfranchises and 

PAYG are positioned as the most powerful alternatives to address the gap in achieving the 

SDG7’s targets and to spur competitiveness.  

6.4 General Conclusions 

The common agreement of the UN members pushes the 2030 Agenda ahead to alleviate 

poverty and ensure wellbeing for all, recognizing energy as a crucial pathway to achieving 

this goal under three core dimensions human development, sustainable economic growth, 

and environmental sustainability. Affordable and clean energy is represented by the SDG7 

and a series of targets, which look for ensuring access to energy, increasing the RE share in 

the global energy mix, encouraging energy efficiency, and driving up cooperation between 

nations. This great scope represents a multifaceted challenge for all countries, especially for 

the most disadvantaged environments such as small islands and rural areas from 

developing countries. Both small islands and rural areas experience a scarcity of goods and 

services such as energy and are isolated from markets, have lack of human resources, 

difficulties in deploying economies of scale and other issues that affect their development. 

Along the same line, their energy security is limited by their dependence on imported fuels 

increasing electricity prices or making it infeasible to access electricity. This is why this PhD 

thesis aims to contribute, on the one hand, to increasing the RE share and, on the other hand, 

to support access to universal energy on small islands and rural areas, respectively. To put 

it into practice, the targeted areas of study are the Pacific Islands, which are the most 

vulnerable due to their geographical fragmentation and remoteness from the mainland, and 

the Latin America region, which has presented a better performance in increasing levels of 

energy even under challenging geographical conditions. This PhD thesis has been 

developed in three phases. The first one has embraced an extensive review of the literature 

to establish the state of the art of hybrid renewable mini-grids on non-interconnected small 

islands. The second one has analyzed the real hybrid power system of Baltra-Santa Cruz of 

the Galapagos Islands by applying HOMER Pro to determine the potential of RE and the 

impact of EE means. Here, local conditions are deemed to improve the level of hybridization 

of the power system, their being coherent with the environment. The third phase has 

involved studying on-going projects of rural electrification in Peru, Mexico, and Bolivia to 

learn how to address the typical drawbacks of off-grid projects and support sustainable 

solutions. In the framework of this work, several conclusions have been obtained. 

First, both drivers and inhibitors of RE on small islands have been identified, which 

suggest that energy planning must include a complete perspective on the environment to 

maintain a balance between the ecological value and development. Furthermore, business 

models applied in these contexts to support RE introduction have been identified, defining 

ownership according to the responsibilities of setting up and funding the projects. This also 

involves the participation of donor agencies and other stakeholders in RE projects since the 

Agenda for Sustainable Development fosters new ways of leveraging resources. Therefore, 

among the different business models identified, the hybrid or mixed model is positioned as 

the best strategy given the positive results achieved by its implementation: high RE shares 
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and lower electricity prices. This requires a strong commitment of governments reflected by 

effective policies, regulations, and mechanisms to foster RE businesses, giving a significant 

place to private parties, civil society and other actors. However, this approach only arises 

from experiences on small islands belonging to developed countries, whilst the opposite 

occurs in the least developed ones. There, private involvement is of less importance because 

of political barriers. To this is added the fact that fossil fuel relies on high subsidies, blocking 

the competitiveness of RE technologies. Furthermore, there is a lack of institutional and 

technical capacities to design appropriate proposals for funding acquisition and to ensure 

O&M works adequately. Technologically speaking, there is no problem, the complexity lies 

in the political will to support the introduction of RE. The wind is the most common 

technology for the Atlantic Islands, while PV is more applied in the Pacific Islands. The 

capacity of the hybrid power systems varies from 1 to 90 MW in real practice. 

To reinforce this conclusion, the hybrid renewable mini-grid of Baltra-Santa Cruz has 

been evaluated through the application of an energy system modelling software. Then, it 

has been determined that this hybrid system, which is currently generating only 18% with 

RE technologies (wind and PV), can reach 39% of RE penetration up to 2030 as long as 18.25 

MWp with 20.68 MWh of PV and batteries capacity can be added, reducing the LCOE from 

32.06 USc/kWh to 18.95 USc/kWh. If the implementation of RE is accompanied by EE means, 

the LCOE would even decrease by 10% more. This potential has been assessed by 

incorporating boundary conditions regarding the technical limitations of the hybrid power 

system, available use of land to avoid any environmental impact, the political objectives, 

and socio-economic matters related to electricity demand, infrastructure investments, and 

RE trade. This study pinpoints that the Galapagos Islands Zero Fuel Fossil Initiative lacks 

funds and a clear guide to achieving energy independence since it relies solely on large 

power plants. Distributed generation is suggested as a suitable alternative to filling this RE 

gap, giving the islanders the opportunity to produce and consume their own electricity as 

an example of energy justice. Economic and environmental benefits would be achieved for 

both users and government, reducing electricity bills and the economic impact because of 

fuel subsidies. Furthermore, this would create a wide awareness of environmental care. 

Having obtained these results, to support the process of capturing funds, a mixed business 

model is also proposed. The combination of auctions and a citizen energy community model 

is suggested as an alternative to allocate funds, build capacities, involve private parties and 

local people. This pathway could lead to a 100% green island and build confidence in future 

interventions; however, the political and management decision is very important in 

supporting the sustainable development of a complex social-ecological system. The 

participation of the tourist sector is also suggested due to its high impact on electricity 

demand. 

Finally, off-grid electrification projects from Peru, Mexico, and Bolivia have been 

studied, identifying lessons learned in terms of policies, stakeholders, business models, 

technology, payment capacity and management, technology and quality, O&M and 

community participation. The results reveal that it is possible to achieve success if an off-

grid project is built based on confidence, commitment, and flexibility. These are the pillars 

to be phased by the different barriers related to rural electrification. Engaging multiple 

actors and combining different business models with high-quality technology to be 

successful is well-demonstrated by these case studies. In terms of management and funding 
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assurance, the ESCO model is highly recommended as long as subsidies are designed to 

cover investments and O&M costs. This model is complemented by the implementation of 

microfranchises to create jobs, ensure money flowing into the project, help to carry out other 

activities such as the O&M of equipment, provide access to other energy services apart from 

lighting and mobile charging, and support communications between promoters and users, 

enhancing confidence and proximity. Microfranchisees/technicians are key to sustaining 

business and sharing knowledge, this is why they receive constant training in management 

and technology. As regards technology, two kinds of SHSs have been implemented. 2G-

SHSs that offer higher electricity supply but also requires specialized knowledge for 

installation and are more expensive. In most cases, these systems have been replaced by 3G-

SHSs to reduce failure rates since this is more efficient equipment and it is cheaper to allow 

more people to have access to electricity. The introduction of 3G-SHSs has also reduced 

O&M costs because of the reduction in the number of transportations to the scattered 

location of the clients. Furthermore, 3G-SHSs can even be installed by the users themselves. 

The associated electronic supplier facilitates the monitoring and implementation of a 

complementary business model such as PAYG to support management and O&M activities. 

However, people tend to trust bigger SHSs, which have made it necessary to develop 

awareness campaigns. To ensure the affordability of these systems, a complete 

understanding of socio-economic conditions of the communities is a prerequisite of projects. 

The participation of local people is assured via microfranchises and energy committees; 

however, the involvement of women is still lacking in leading roles. This successful 

combination of business models and technology is implemented in the Loreto Region, Peru. 

Mexico and Bolivia have applied a PPPD model, which has worked successfully but also 

demands more political support through regulations to guarantee sustainability. Access to 

electricity must be a state policy and be included in the international commitments of 

countries such as NDCs. 

This thesis proves that RE technologies in a mature phase are highly competitive to 

favor the fulfilment of the SDG7. What is more, there is a constant innovation (including 

efficiency) and dynamism in the PV sector, which means a large opportunity to increase the 

RE share and the level of access to energy in these countries. Furthermore, the role by the 

energy storage markets, especially batteries is also recognized here. Nevertheless, fuel 

subsidies are still a latent challenge for green technology, which highlights the need for a 

profound change in the political framework based on knowledge and experiences of 

successful projects. Based on the results of the case study of the Galapagos Islands, this thesis 

reveals that the Ecuadorian government subsidizes 24% of the electricity generation cost 

(32.06 USc/kWh), while this would be reduced to between 40% to 50% through the 

introduction of RE. This means that CO2 emissions would decrease by between 34 and 55%. 

Higher reductions are explained by the successful application of EE measures. However, 

evidence shows that achieving 100% of RE is techno-economically infeasible since it would 

cause environmental deterioration and compromise the use of the land, and the investment 

required would be extremely high. Thereby, policies must be coherent with local conditions. 

The cost-optimization model also shows that generation based on PV at the urban level 

could help to meet the government’s targets, generating economic benefits for users and the 

government, a factor that should be analyzed in more details. In the case of rural areas, 

where extension of the electrical grid is also infeasible and inequalities and vulnerabilities 
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are permanent, more efficient SHSs such as 3G-SHSs can reduce investment prices by 

between 30-65% only compared to traditional SHSs (2G-SHSs). These facts suggest that 

governments must focus on collaborative governance, public participation and 

transparency, where local-needs and barriers take place before making decisions about 

specific projects to avoid repeating past mistakes. Under a critical appraisal, the 2030 

Agenda should raise more attention to disadvantaged environments, where only multi-

stakeholder partnerships to get funds are not enough. This thesis shows that moving 

sustainable energy systems forward requires getting more people involved, the application 

of several business models, prevalent technological innovations, and the application of 

technical quality procedures. This perspective would really help to address the 

vulnerabilities of fragile locations. Here, auctions, the ESCO, community and PAYG models 

and small-scale RE projects present a great opportunity for a sustainable future, powering a 

nexus among energy, environment, and society.  

6.5 Future Research Pathways 

As regards the results and limitations identified at different stages of this PhD thesis, 

the following further research is proposed to strengthen the findings and the scientific 

contribution to the SDG7 accomplishment.  

 

Based on the results of the state of the art of hybrid renewable mini-grids on non-

interconnected small islands:  

- On small islands from developed countries, further research should focus on the 

identification of public policies to support RE and address the bottleneck of 

conventional energy companies.  

- On small islands from developing countries, future research is required to propose 

the restructuration of international cooperation agendas to support energy 

transition. 

- An evaluation of the competition between energy policies dedicated to promoting 

large power systems and access to electricity in islands where this service is still 

limited is also required. 

 

As regards the results of the techno-economic assessments:  

 

• For the hybrid power system of Baltra-Santa Cruz: 

 

- The application of the python-library Open Energy Modelling is recommended to 

analyze the isolated power system of Baltra–Santa Cruz. This involves studying 

complexity in data treatment, designing proper optimization software, and 

modelling hybrid storage systems.  

- Given that the hybrid system of Baltra–Santa Cruz cannot overcome 40% of RE share 

with additional capacity of PV, wind, and battery storage technologies, the adoption 

of the pumped storage system and hydro-generation can be analyzed as another 

alternative to the Zero Fossil Fuel Initiative. The topological conditions of Santa 

Cruz (864 msnm) justify the studying of this scenario. There are real examples of 



Off-Grid Renewable Energy Solutions in Fragile Environments: Applications for a Sustainable Future   

 

178 

 

pumped-storage hydro systems on Okinawa Island (Japan) with seawater, which 

has been operating since 1999 [89], and on El Hierro Island with desalinized water 

(2014) [257]. 

- Along the same line, the economic impact of EE means can be included in 

optimization analyses using energy system modelling tools such as HOMER, which 

has a specific module to fill in this information. The reduction in electricity demand 

must be calculated based on official information provided by local companies.  

- Additionally, future work could be carried out to evaluate the acceptance of the 

business model proposal for the Galapagos Islands, which states a mix between 

auctions and a community energy citizen business model. To do so, interviews, 

surveys, and workshops could be applied. At the same time, an analysis is required 

to determine how to involve the population in RE projects in an effective way. 

- As regards the impact of tourism on the consumption of electricity on islands, 

identifying the best pathway to transform this sector in a green economic activity 

could be very interesting for islands. 

- Finally, considering that the Galapagos Islands still do not meet the gap in access to 

electricity, the potential for distributed renewable mini-grids or SHSs can be 

evaluated. 

 

• For a distributed generation alternative at the urban level: 

 

- Further research could be focused on the identification of types of dwelling in urban 

areas in Santa Cruz and Baltra Islands to establish the PV potential of distributed 

generation with greater accuracy, applying Geographic Information Systems.  

- Along the same line, identifying the electrochemical storage capacity and the 

requirements of distribution networks to facilitate bidirectional exchanges of 

electricity is required to ensure the stability of power systems. 

- To support the implementation of distributed generation through a net-metering 

scheme in the Galapagos Islands, the revision and analysis of electricity tariffs/fees 

are also recommended as a future area of research. 

 

As regards the results of case studies in rural areas from Mexico, Peru, and Bolivia: 

 

- As future research, this PhD thesis proposes to study the feasibility of implementing 

the combination of business models with technological innovations from case 

studies in Latin America to rural communities in Africa and Asia.  

- Furthermore, the impact of the involvement of women as entrepreneurs in 

microfranchises in the projects implemented by acciona.org Peru, acciona.org 

Mexico, and ENERGETICA can be researched. 
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Salas-Ruiz, A.; Eras-Almeida, A.; Gesto-Barroso, B.; Egido, M. A.; Sanz, A.; Muñoz, S.; 
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Appendix 2. Quality Control Applied to the 

Photovoltaic Systems on the Galapagos Islands: 

The Case of Baltra and Santa Cruz 

 

 

Abstract 

The purpose of this research has been to apply a quality control assessment of the PV 

systems on the Galapagos Islands, such as Baltra (0.067 MWp) and Santa Cruz (1.5 MWp). 

As an expert in high performance and optimal yield in PV systems, the Instituto de Energía 

Solar (IES) – Universidad Politécnica de Madrid (UPM) has taken quality control measurements 

from both PV generators. The parameters measured are: open-circuit voltage (VOC), short 

circuit current (ISC), maximum power (Pmpp), voltage at maximum power (Vmpp), current at 

maximum power (Impp) and the I-V (current-voltage) curve. These parameters, extrapolated 

to standard test conditions (STC), have been compared with the manufacturer’s data, in 

accordance with international standards. This analysis has allowed the technical quality of 

the installed modules to be determined. 

Furthermore, the IES–UPM has interviewed the local power company and the 

population of the Galapagos Islands on matters related to renewable energy. With this 

research, it has been possible to verify the high degree of social acceptance of renewable 

energy. 

A2.1 Introduction 

The IES–UPM has 25 years of experience in the evaluation of the quality of PV systems, 

particularly in developing countries. The quality control assessment in a PV system involves 

a documentation review related to the system, visual inspection, measurements and data 

analysis, interviews, and surveys [523]. This procedure has been carried out to evaluate the 

PV systems of Baltra and Santa Cruz. This makes it possible to determine the specific quality 

requirements in solar energy projects [479]. 

This work was within the framework of the research “Identification and assessment of 

management models in isolated hybrid mini-grids applied to the case of Ecuador”. Thus, 

the IES-UPM established a partnership with the Ecuadorian Ministry of Electricity and 

Renewable Energy–MEER (currently MERNNR) and ELECGALAPAGOS.  

Even though quality control assessment is essential to ensure the sustainability of 

projects, this was not included in the operation and maintenance (O&M) plans for the PV 

systems of the Galapagos Islands because of the lack of knowledge and skills of the technical 

staff in this field. 

MERNNR and ELECGALAPAGOS have provided the necessary information and 

access to their facilities to the IES-UPM. The IES-UPM, in turn, has offered technical support 

and training in PV systems and quality control assessment to the ELECGALAPAGOS staff 
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to help them to introduce this procedure into their O&M plans and future contracts (see 

Figure A2.1). 

  
 

  

Figure A2.1. Training in PV systems and quality control assessments to local technicians 

(own photos). 

This technical consultancy targeted to assess the technical quality of 0.067 MWp in 

Baltra and 1.5 MWp in Santa Cruz and in addition to identifying the institutional and 

population perceptions of renewable energy projects. To that end, it was necessary to take 

on-site measurements for the electrical parameters of the PV generators and conducting 

interviews and surveys with institutions and the population, respectively. 

A2.2 Methodology and Data Acquisition 

A2.2.1 Technical Information and Visual Inspection Review 

The information review makes it possible to find out the current situation of the hybrid 

generation systems on the Galapagos Islands (technical characteristics, location and system 

operating conditions). The information collected is useful in fieldwork. 

A visual inspection is made prior to the measurements, and a thermal camera is used to 

identify the presence of hot spots on PV modules. 

A2.2.2 Characterization of the PV Generator 

The experimental characterization of the PV generator focuses on the measurement of 

the I-V curve per array to verify the nominal power and to detect possible failures. The 

measurements were taken, in the winter, on September 13 and 15th in 2017 in Baltra and 

https://www.linguee.com/english-spanish/translation/future+contracts.html
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Santa Cruz, respectively (see Figures A2.2 and A2.3). PV modules are usually the most 

reliable components in a PV system. However, their most common failures are related to 

hot spots and permanent short circuit in bypass diodes [523]. The electrical parameters 

measured are VOC, ISC, Pmpp, Vmpp, and Impp. These parameters are used to calculate the Fill 

Factor (FF) and the I-V curve of the modules. 

The operating conditions, irradiance (W/m2) and solar cell temperature (°C) are 

measured using a monocrystalline PV sensor. The tilt angles of the surface of the arrays are 

also determined. To ensure that the incident sunlight beam has a cone with an opening angle 

of around 45° to the vertical tilt surface [524]. The measurements were taken between 11:00 

and 14:00 hours. 33% (22.26 kWp – six arrays) and 10% (150 kWp – 27 arrays) of the total PV 

capacities were measured in Baltra and Santa Cruz, respectively.  

 

  

Figure A2.2. Quality control assessment on the PV system on the Island of Baltra. 

  

Figure A2.3. Quality control assessment on the PV system on the Islands of Santa Cruz. 

An I-V curve analyzer and a PV sensor from the same manufacturer have been used 

during the measurement process. The evaluation has been carried out in accordance with 

the user manual [525] and the IEC 61829 standard [524]. According to the datasheet of both 

devices, these comply with the calibration parameters of the IEC 61829 standard (see Table 

A2.1) [525]: 
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Table A2.1. Technical Characteristics of the Curve Analyzer and Solar Sensor 

Curve analyzer Sensor 

Measuring I-V curve Measuring 

Irradiance incident on 

the PV module, module 

temperature, tilt angle 

Measuring calculated 

values  (STC) 

Voc, Isc, Vmpp, Impp, 

Pmpp, FF, 

characteristic 

curve of a module 

Temperature 

measuring range 

10 - 100 °C ( ± 3% in 

relation to a black body) 

Current measuring 

range 

1 - 1000 V (< ± 1%)    

(Voc > 5V) 

Irradiation 

measuring range 
100 - 1,200 W/m2  ± 5% 

Voltage measuring 

range 
0,1 - 15 A (< ± 1%) 

Measuring 

connection 
Non-contact measuring 

Measuring 

connection 
Measuring cable Reference cells 

1 monocrystalline, 1 

polycrystalline 

Ambient temperature 0 - 50 °C 
Ambient 

temperature 
0 - 60 °C 

Admissible relative 

humidity 
< 80% RH 

Admissible relative 

humidity 
< 80% RH 

 

The ideal conditions for measuring the I-V curve outdoors are clear skies (no clouds and 

no fog) and light wind conditions [524]. To achieve more accurate results during a 

measurement process, the user manual recommends a 700 W/m2 minimum irradiance on 

the incident surface as defined in IEC 61829 [524,525]. However, climate conditions are 

variable during this period of the year in the islands. Thus, a set of Acceptable Test 

Conditions (ACT) has been defined such as the irradiance incident on the PV module, G ≥ 

500 W/m2; and, a diffuse fraction of G, D/G < 0.2 (clear day). This is based on experience 

acquired by the IES-UPM in fieldwork under variable operating conditions. 

All of the measurements were taken on clean modules, in the absence of shade and, 

when possible, under stable temperature and irradiance conditions. 

A2.2.3 Review Data and Extrapolation Method 

The data collected are extrapolated to STC (solar cell temperature Tc* = 25 °C; irradiance 

G* = 1,000 W/m2; solar spectrum AM 1.5G) by applying the following calculation process 

[475,526]: 

ISC = ISC* (G/G*                                    (1) 

VOC = VOC* [1 + β (Tc – Tc*)]                               (2) 

 

β temperature coefficient of VOC (%/°C) 

 

Pmpp* = Vmpp* Impp*                                  (3) 

FF = (Impp* Vmpp*)/(ISC* VOC*)                             (4) 
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The values marked with an asterisk (*) are in STC. The uncertainty of this procedure is 

around 5%, which is enough to decide whether the quality of modules is acceptable 

[523,527]. Table A2.2 shows the technical parameter of the PV modules installed on Baltra 

and Santa Cruz: 

Table A2.2. Technical Characteristics of Modules 

Description Baltra Santa Cruz 

Manufacturer 
Mitsubishi 

Electric 
BJ Power 

Model PV-MLE265HD BJ-60Series-1 

Cell 
Monocrystalline 

silicon 

Monocrystalline 

silicon 

Power (Wp) 265 250 

ISC (A) 9.08 8,768 

VOC (V) 38.2 26.99 

Impp (A) 8.38 8,131 

Vmpp (V) 31.7 30.75 

Tolerance of maximum power 

rating (%) 
–0/+5 N/Aa 

β (%/ºC) –0.35 –0.3307 

                  a. N/A Information is not available. 

The mean values from the extrapolation are compared with the manufacturer’s data 

sheets in Baltra and the Flashing Report [528] in Santa Cruz, where 594 serial codes from the 

modules had to be verified due to the missing inventory. In this paper, 2% of PV system 

cable losses [529] are estimated and included in the total power losses. 

A2.2.4 Mismatch Losses in PV Power Plants 

Prior estimates in section A2.2.3. are based on the fact that all of the modules operate 

under the same conditions. However, the modules are not identical because of the 

dispersion in the electrical parameters produced in the manufacturing process [526]. The 

theoretical mismatch losses of modules connected in series and parallel are proportional to 

the variance in Impp and Vmpp, respectively, as noted in (5) and (6) [530,531]. The 

detailed calculation procedure is available in [530].  

 

Series losses (%)  α σImpp
2                               (5) 

Parallel losses (%)  α σVmpp
2                              (6) 

 

To reduce these losses, the selection of the modules in an array based on Impp [526,530] is 

recommended. It has only been possible to calculate the mismatch losses in Puerto Ayora 

(Santa Cruz) because the Flashing Report is available. 

 

https://www.linguee.com/english-spanish/translation/manufacturing+process.html
https://www.linguee.es/ingles-espanol/traduccion/theoretical.html
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A2.2.5 Interviews and Surveys 

To support the goal of this research, interviews had been held with the management 

and technical staff of ELECGALAPAGOS. We used a focus group method to obtain 

opinions, perceptions and comments about the implemented renewables energy projects 

from an institutional and individual point of view. Furthermore, 30 customers from Puerto 

Ayora, in Santa Cruz, have been surveyed to identify the social perception of the 

implementation of renewable energy projects, the electricity service, and prices. The data 

collected have been evaluated through a frequency analysis using the SPSS tool (statistical 

analysis software). 

A2.3 Quality Control Assessment of PV Power Plant of the 

Galapagos Islands 

A2.3.1 PV Power Plant and Storage System of Baltra 

Baltra has a PV system of 0.067 MWp, which produces 136 MWh/year on average 

[224,274]. The storage system is made up of two battery banks: Lead-acid batteries (4.03 

MWh) and the lithium batteries (0.268 MWh) [224]. This project was implemented with the 

cooperation of the Japanese government in 2016, through the Japan International 

Cooperation Agency (JICA) [224]. Table A2.3 [532] shows its technical characteristics: 

Table A2.3. PV Power and Storage System of Baltra 

PV system Batteries 

Description Pb Li 

Installed power 

(MWp) 

0.067 Capacity (MWh) 4.03 0.268 

Module Monocrystalline 

silicon 

Operating voltage of a 

cell (V) 

2 22.2 

Maximum power 

rating (Wp) 

265 Capacity of a cell (Ah) 1,500 75 

Number of 

modules 

14 x 18 = 252 Number of batteries 224 x 6 = 

1,344 

23 x 7 = 161 

Inverter (MW) 0.1 Inverter (MW) 0.5 0.5 

Number of 

inverters 

1 Number of inverters 1 1 

Transformer (kVA 

- V) 

100 - 480/400 Transformer 

(kVA - V) 

600 - 

480/210 

500 – 

480/210 

 

Both the PV power plant and its storage system avoid the use of 12,000 gallons of diesel 

fuel per year and the emission of 15 t CO2 [274]. 
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 A2.3.2 PV Power Plant of Puerto Ayora  

This is a system of 1.5 MWp and it was implemented with the aid of South-Korea non-

reimbursable cooperation in 2014, through the Korea International Cooperation Agency 

(KOICA) [224]. Table A2.4 [533] shows its technical characteristics: 

Table A2.4. Puerto Ayora PV Power   

Installed power (MWp) 1.5 

Module Monocrystalline silicon 

Maximum power rating (Wp) 250 

Number of modules 22 x 273 = 6,006 

Inverter (kW) 17 

Number of inverters 91 

Transformer (kVA - V) 1,500 - 380 / 13,800 

 

The power plant produces approximately 2,430 MWh/year, which entails a saving of 

194,000 gallons of diesel fuel and a reduction of 1,475 t CO2 emissions into the environment 

per year [274]. The performance ratio (PR) of PV System in Puerto Ayora is 0.793 [534,535]. 

A2.4 Field Results 

The sensitivity of solar cells to the spectral composition of solar irradiance is the main 

problem for the measurement procedure of modules. This feature varies considerably 

among locations, climate conditions, seasonality, and the time of day when the 

measurements are taken [536]. During the taking of the measurements, the irradiance was 

stable in Baltra while it was very variable in Santa Cruz due to the climate conditions: clear 

skies with cloudy periods. 

A2.4.1 Quality control on the PV power plant (0.067 MWp) in Baltra 

As mentioned before, in Baltra, six arrays (14 modules/array) were measured from 18 

parallel connections, which means 33% (22.26 kWp) of the total capacity installed. Figures 

A2.4 and A2.5 show the average I-V and P-V curves of this installation, respectively. Table 

A2.5 shows the difference between the manufacturer and extrapolated data to STC. 

http://www.koica.go.kr/english/main.html


 Off-Grid Renewable Energy Solutions in Fragile Environments: Applications for a Sustainable Future 

 

232 

 

 

Figure A2.4. I-V curve of the PV system on Baltra. 

 

Figure A2.5. P-V curve of the PV system on Baltra. 

Table A2.5. Difference between the Manufacturer’s Data and the Extrapolated Data to STC - 

Baltra 

Parameter Manufacturer Extrapolation Difference (%) 

Isc [A] 9.08 8.93 –1.68 

Voc [V] 534.80 516.81 –3.48 

Impp [A] 8.38 8.43 0.53 

Vmpp [V] 443.80 425.92 –4.20 

Pmpp [W] 3,710 3,588.35 –3.39 

FF 0.77 0.78 1.52 
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The average power difference per array is 3.39%, which means 260 W less per array. 

This value, which includes the estimated cable losses, is below the rage of uncertainty (5%) 

defined in the assessment procedure. The power differences per array vary from 1.60 to 

5.48%.  

A2.4.2 Quality control on the PV 1.5 MWp power plant in Puerto Ayora 

 27 arrays (150 kWp) from 9 inverters were measured. Figures A2.6 and A2.7 show the 

I-V and P-V curve, respectively, and Table A2.6 shows the differences between technical 

parameters of the modules in STC and the Flashing Report of BJ Power: 

 

 

Figure A2.6. I-V curve of the PV system on Puerto Ayora. 

 

Figure A2.7. P-V curve of the PV system on Puerto Ayora. 
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Table A2.6. Difference between the Manufacturer's Data and the Extrapolated Data to STC – 

Santa Cruz 

Parameter Manufacturer Extrapolation Difference (%) 

Isc [A] 8.94 9.10 –1.68 

Voc [V] 832.07 804.94 –3.48 

Impp [A] 8.46 8.35 0.53 

Vmpp [V] 668.13 642.31 –4.20 

Pmpp [W] 5,649.44 5,364.66 –5.31 

FF 0.76 0.74 1.52 

 

The average power difference per array is 5.31%. The estimated cable losses are 2%. 

That means the power plant works under acceptable conditions. However, the power 

differences per array are between 1.16% and 10.07%. These results suggest a certain 

deterioration of the modules. However, this could be verified with an additional visual 

inspection and the application of a new control quality procedure in the dry season to ensure 

there are clear skies (December to May). 

In certain cases, the irradiance of the measurement exceeded the limit established by 

the analyzing equipment (1,200 W/m2 ± 5%). These values reached 1,307 W/m2 (close to the 

solar constant, 1,367 W/m2), which could be produced by the presence of smalls clouds 

during the measurement process. In this case, clouds work as a lens focusing the sunlight 

onto the modules and increasing the real irradiance. This may be why that, in several cases, 

the differences in power were higher than 10.07%. These measures were discarded from the 

analysis. 

Figure A2.8 shows the probability density of the nominal power of the 6,053 modules 

that make up the Puerto Ayora PV system: 

 

Figure A2.8. Power distribution of 6,053 PV modules in Puerto Ayora power plant. 
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This analysis was made on 27 arrays to observe the Pmpp, Impp, Vmpp distribution of the 

modules. This proves that the modules were not classified for the installation. The power 

plant has average serial and parallel losses of 0.33% and 4.03%, respectively. 

A2.5 General findings of the Fieldwork 

The operating conditions (solar irradiance and temperature) were stable in Baltra 

during the measurement process, which ensures the reliability of the results. Contrary to 

that, in Santa Cruz, where there were both clear skies and cloudy periods, which made it 

harder to obtain good measurements and results. 

In those locations next to the Equator, the optimal module tilt angle is equal to the 

latitude, but to avoid dust and dirt, the recommended tilt angle of PV installations is 10° 

above the latitude [526]. In Baltra (–0.46° latitude) and Santa Cruz (–0.74° latitude), the 

optimal tilt angle of the modules is 9.25° and 9.53°, respectively. Nevertheless, the tilt angle 

of the arrays is between 10° and 12° in Baltra and between 5° and 8° in Santa Cruz. 

Nonetheless, electricity losses due to the deviations from the optimal tilt angle are negligible 

in both cases. The technical staff clean the modules once a year and according to them, this 

is enough to keep the PV generator clean. 

Added to that, it was verified that solar irradiation was better in Baltra than Santa Cruz, 

despite their being very close to each other. Even though the PR of the PV system on Baltra 

has been not obtained because of the lack of information, it seems to be higher than the PR 

of the PV system in Santa Cruz (0.793). 

Thanks to the quality control assessment, this study reveals that the solar panels 

installed in Baltra present average power losses of 3.39% (including 2% of cable losses), 

which highlights their quality. Whereas, in Puerto Ayora, the results show that the PV 

power plant is working under acceptable conditions. The average power losses are 5.31% 

(again, this includes 2% of cable losses). However, the power losses, which in some arrays 

are near to 10%, seem to indicate potential damage in the modules. This could be verified 

with an additional visual inspection and new measurements of the technical parameters in 

the dry season or by evaluating the ISC of each module. It is worth mentioning that there 

were no hot spots detected by the thermal camera. Nevertheless, due to the size of the power 

plant, the IES-UPM suggests that ELECGALAPAGOS use a drone with a thermal camera to 

make field inspections more frequently and with a greater accuracy. The results of both PV 

plants are not comparable as the solar panels involve different technologies.  

The strengths from both power plants are in a good status from DC facilities, electrical 

protections, cabling, the control systems, and cleaning of the modules, while the weaknesses 

are: (i) incorrect registered irradiance data in real-time (the SCADA registers higher 

irradiance values than 1,367 W/m2) (see Figure A2.9), (ii) available information which is not 

evaluated, (iii) lack of technical skills to ensure O&M activities and to apply quality control 

procedures although the availability of specialized equipment; (iv) the lack of coding and 

labelling of the arrays in Puerto Ayora; and, (v) the lack of information such as the Flashing 

Report in Baltra. 
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Figure A2.9. Incorrect irradiance data registered in real-time, Baltra Island (own photos). 

Another issue detected in Puerto Ayora was that the technical staff have replaced 

several inverters and modules without prior technical assessments (see Figures A2.10 and 

A2.11). The modules were replaced because of “snail tracks o snail trails”, which has entailed 

$10,880 US in manufacturer guarantees [537]. The snail tracks are a degradation 

phenomenon of c-Si solar cells and have been given this name because of their appearance 

[538,539]. Silver gridlines appear on the crystalline silicon cell surface and are always 

associated with micro-cracks [538,540].  

 

  

Figure A2.10. Replaced inverters (photo on left) and modules with snail tracks (photo on 

right) from the PV power plant of Santa Cruz (own photos). 
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Figure A2.11. Snail tracks on the surface of PV panels, Santa Cruz (own photos). 

Duerr et al. (2016) have demonstrated that products such as silver carbonate, silver 

phosphate, silver acetate, vend silver sulfide can cause the degradation of PV modules (snail 

tracks), pointing out the importance of the optimization of the materials. To evaluate the 

effect of snail tracks on modules, the ISC could be measured (using a multimeter) and 

compared between arrays with and without this phenomenon. Another option is to analyze 

the respective I-V curves. With this method, in Santa Cruz, it has been verified that snail 

tracks do not affect the power of modules; however, this may be due to the initial stage of 

the snail tracks. The visual impact of snail tracks is negligible, although, this does not rule 

out the possibility that they might generate future and progressive damage [538]. In fact, 

some studies have shown how snail tracks, which are related to the presence of microcracks, 

can reduce electricity production from between 9% and 29% [541,542]. This situation 

suggests that ELECGALAPAGOS should assess these modules periodically.  

Even though the technical quality of the inverters was not evaluated, their replacement 

has reached $498,000 US [537] in manufacturer warranties. According to the PV technical 

staff, the inverter failures seem to be related to issues in electrical grounding connection. 

Finally, in Puerto Ayora, sorting the modules by Impp could reduce the mismatch losses 

by up to 0.33%, but this is negligible in terms of the total power. Mismatch losses related to 

Vmpp would not have a high impact if a blocking diode were installed to avoid reverse 

currents. With these results, it is possible to conclude that the installed modules are similar 

to each other. 

A2.6 Institutional and Social Perception of Renewable Energies 

A2.6.1 Institutional Perception 

For representatives of local institutions, it seems to be hard to reach the Zero Fossil Fuel 

Initiative due to the large investments required by renewable energy projects. Furthermore, 

there are other barriers such as logistic difficulties to transport renewable energy equipment, 

the extensions of land needed to install large capacities, the lack of trained staff, low supply 

of construction materials, stability issues of electric power systems, and high growth rates 

of electricity demand.  

https://www.linguee.com/english-spanish/translation/negligible.html
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Respondents also indicate that the government is making efforts to limit the growth rate 

of energy demand through awareness campaigns and training programs. The focus is on 

energy efficiency measures in the sectors with the largest energy consumption such as 

residential, transport, and tourism. Additionally, they highlight the importance of creating 

incentives for the residential sector, e.g., for the introduction of electric vehicles. According 

to interviewees, renewable energy has become a reason for local professionals who are 

trained in mainland Ecuador to return to work in ELECGALAPAGOS. 

On the other hand, there are weaknesses in the transfer of knowledge processes from 

implementing companies to ELECGALAPAGOS, which make it difficult to carry out the 

O&M works adequately. For the future implementation of renewable energy projects, it is 

necessary to improve and target training plans, especially to local technicians. 

As regards the PV systems, it is in the Santa Cruz power plant in which more events 

occur during O&M, mostly related to the replacement of modules and inverters. The staff 

often replaces modules with snail tracks without analyzing the electrical parameters. 

Solving inverter failures can take from one to seven days. Lastly, according to respondents, 

hybrid systems on the Galapagos Islands will continue functioning as non-interconnected 

systems due to large investments in interconnection, logistical and transport limitations, and 

environmental concerns. They also call for regulations to promote distributed generation 

with PV energy systems. 

A2.6.2 Social Perception 

Table A2.7 shows the survey results which reveal the level of knowledge and 

satisfaction of the population in renewable energies and the electric service and tariffs, 

respectively: 

Table A2.7. Survey Results 

Question Yes No 

Do you know what renewable energies are? 53.33% 46.67% 

Do you know which renewable energy sources are used in Galapagos 

to generate electricity? 

66.67% 33.33% 

Do you know renewable energy advantages and disadvantages?  50% 50% 

Do you apply energy efficiency measures? 86.67% 13.33% 

Do you agree with electricity prices? 88.46% 11.53% 

Question Answer Frequency 

What do you think the main advantage 

of producing electricity from 

renewable energies in Galapagos is? 

Less pollution 39.98% 

Caring for the environment 34.98% 

Use of the local resources 9.99% 

Reducing fossil fuel 

consumption 

9.99% 

Reducing fossil fuel costs 4.99% 

https://www.linguee.com/english-spanish/translation/residential.html
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What is your opinion of electricity 

service quality? 

Very bad 3.30% 

Bad 6.70% 

More or less 20% 

Good 66.70% 

Very good 3.30% 

 

Although the population seems to have an acceptable knowledge of renewable energy, 

educational and awareness campaigns should be carried out in the following topics: basic 

concepts of renewable energy (different types, advantages and disadvantages), electricity 

tariff depending on electricity consumption, electricity generation mix, the importance of 

O&M in generation and distribution systems, and the impact of demand on the energy 

system and environment. Furthermore, despite the positive influence of energy efficiency 

campaigns, customers need more information on electricity services (supply and demand).  

A2.7 Conclusions 

- It is not possible to comply with the technical criteria established in the IEC 61289 

standard to measure the I-V curve under varying irradiance and temperature operating 

conditions. In these situations, the measurement criteria must be selected by the person 

who carries out the work. 

- The application of quality control assessments and international standards in this field 

allow the sustainability of projects to be ensured to improve O&M plans, training 

awareness campaigns, and contractual requirements. The lack of knowledge in the 

operation and technical evaluation of PV systems may cause mismanagement of 

economic resources. After this work, ELECGALAPAGOS has started to introduce this 

procedure into their O&M plans. 

- The population is interested in the quality of the electricity service more than the 

technologies used to generate electricity. This also indicates that it is difficult to 

establish a direct link between the quality control of PV systems and the social 

perception of the technology.  

- On the other hand, in Galapagos, the donor countries use international cooperation as a 

strategy to promote their companies and local technology. Furthermore, technology 

warranties are only managed by international cooperation. In spite of that, the 

technologies and procedures for installation must comply with international standards.  

- In Ecuador, the local standardization institution (Ecuadorian Service for Standardization 

–INEN) has adopted IEC standards related to the technical quality of PV systems. 

However, in Galapagos, with this work, it was the first time that PV systems were 

evaluated to verify their technical quality. 

 

  

https://www.linguee.com/english-spanish/translation/educational.html
https://www.linguee.com/english-spanish/translation/campaigns.html
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Appendix 3. Sensitivity Analyses of the 

Optimization of the Hybrid Renewable Mini-

grid of Baltra-Santa Cruz 
 

This section presents complementary sensitivity analyses to Chapter 4, section 4.4.5. 

First, additional sensitivity analyses are carried out to observe the impact of changes in two 

variables between investment prices and diesel cost on the LCOE and RE share. Second, the 

discount rate is also analyzed, considering a value of 10% instead of 12% (the real 

Ecuadorian discount rate). The results are shown in Tables A3.1 and A3.2. New scenarios 

are highlighted in gray. 

 

Table A3.1. presents the sensitivity analyses of the “Renewable Energy Potential: 

Boundary Conditions Scenario, configuration: PV + wind + batteries + diesel” to cover 73.7 

GWh of demand in 2030 (16.35 MW-peak demand). The most remarkable here is the fact 

that a lower discount rate makes the implementation of wind technology more competitive, 

building a good environment for RE investments. Compared to the base scenario, the LCOE 

decreases by 5%, while RE% increases by 4.8%. When investment prices of PV+wind and 

PV+batteries are lower, the LCOE decreases in more than 5%, but the RE share only increases 

in the first option because of additional wind capacity. A reduction of wind+batteries prices 

does not have a great impact on the LCOE. Finally, despite reductions in prices of RE 

technologies, this generation system is more sensitive to changes in fuel price. LCOE would 

increase in more than 14% if fuel cost increases up to $1 US/liter. 

 

Again, Table A3.2 shows the additional sensitivity results of the “Energy Efficiency: 

Boundary Conditions Scenario, configuration: PV + wind + batteries + diesel” to supply 49.45 

GWh (peak load: 10.97 MW) in 2030. According to the results, a lower discount rate boots 

the implementation of higher capacity of PV and wind, reducing the LCOE and increasing 

the RE share. These indicators also improve when investment prices of RE and storage 

technologies are lower. On the other hand, with a higher fuel cost, LCOE increases and RE 

decreases. Only in the scenario in which wind and batteries costs are lower, RE increases 

because of the higher wind capacity. However, the LCOE becomes 14.2% higher. In any 

scenario batteries capacity increases since stability is ensured by the operation of DGs. 

 

For both sensitivity analyses, in terms of LCOE, the most favorable condition involves 

lower prices of RE (especially PV) and storage technologies and a lower discount rate. 
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Table A3.1. Complementary results of the Renewable Energy Potential: Boundary Conditions Scenario. 

 
 

 

 

 

 

 

 

PV Wind Diesel Batteries Fuel consumption RE Capital Fuel cost O&M LCOE 

(MWp) (MW) (MW) (MWh) (million liters/year) (%) (MUSD) (MUSD/year) (MUSD/year) (USc/kWh)

19.82    2.25  13.90         24.98                                 11.60    39.00       29.58                   9.28                   0.70            18.95 

PV -20% 19.95    2.25  13.90         33.30                                 11.58    39.10       27.79                   9.26                   0.75            18.71 

Wind -20% 11.68    5.45  13.90         27.54                                 12.50    34.30       24.34                 10.00                   0.66            18.98 

Batteries -20% 16.58    5.45  13.90         24.34                                 11.30    40.60       28.80                   9.04                   0.71            18.49 

Fuel $1 US/liter 19.95    2.25  13.90         33.30                                 11.57    39.10       32.24                 11.57                   0.75            22.64 

Discount rate 10% 17.07    5.45  13.90         22.34                                 11.21    41.00       30.85                   8.97                   0.71            18.09 

PV+Wind -20%;-20% 18.03    5.45  13.90         24.34     11.05                            41.90  27.08     8.84                 0.72                 17.93          

PV+batteries -20%;-20% 17.99    2.25  13.90         24.34     11.89                            37.50  21.74     9.51                 0.68                 17.84          

PV+diesel -20%; $1 US/liter 18.13    2.25  13.90         32.66     11.86                            37.60  25.83     11.86               0.73                 21.81          

Wind+batteries -20%;-20% 11.68    5.45  13.90         27.54     12.20                            34.30  22.68     9.99                 0.66                 18.68          

Wind+diesel -20%; $1 US/liter 16.30    5.45  13.90         24.34     11.36                            40.30  28.96     11.36               0.70                 21.65          

Batteries+diesel -20%; $1 US/liter 17.99    2.25  13.90         24.34     11.88                            37.50  25.71     11.88               0.68                 21.77          

Base scenario

Sensitivity variables (costs)

Final configuration and technical results Economic results
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Table A3.2. Complementary results of the Energy Efficiency: Boundary Conditions Scenario. 

 
 

 

 

 

 

 

 

 

PV Wind Diesel Batteries Fuel consumption RE Capital Fuel cost O&M LCOE 

(MWp) (MW) (MW) (MWh) (million liters/year) (%) (MUSD) (MUSD/year) (MUSD/year) (USc/kWh)

10.97    2.25 13.9 4.30 7.99 37.50 12.53 6.39 0.41 17.10

PV -20% 11.89    2.25 13.9 4.30 7.81 38.90 11.15 6.25 0.42 16.46

Wind -20% 10.00    5.45 13.9 4.30 7.39 42.20 15.19 5.91 0.44 16.90

Batteries -20% 11.07    2.25 13.9 4.30 7.97 37.70 12.42 6.37 0.41 17.04

Fuel $1 US/liter 11.34    5.45 13.9 4.30 7.13 44.20 17.78 7.13 0.46 20.08

Discount rate 10% 10.96 4.65 13.90 4.30 7.38 42.30 16.11 5.90 0.44 16.57

PV+Wind -20%;-20% 11.08 5.45 13.90 4.30 7.18 43.80 14.20 5.75 0.46 16.32

PV+batteries -20%;-20% 12.24 2.25 13.90 4.30 7.75 39.30 11.25 6.20 0.42 16.40

PV+diesel -20%; $1 US/liter 12.28 5.45 13.90 4.30 6.99 45.30 16.32 6.99 0.47 19.43

Wind+batteries -20%;-20% 9.99 5.45 13.90 4.30 7.39 42.20 14.95 5.91 0.44 16.84

Wind+diesel -20%; $1 US/liter 11.36 5.45 13.90 4.30 7.13 44.20 16.84 7.13 0.46 19.83

Batteries+diesel -20%; $1 US/liter 12.11 2.25 13.90 4.30 7.77 39.20 13.68 7.77 0.42 20.22

Base scenario

Sensitivity variables (costs)

Final configuration and technical results Economic results
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Appendix 4. Components of the Hybrid 

Renewable Mini-grid of Baltra-Santa Cruz 
 

This section presents the diesel and renewable power plants that make up the hybrid 

renewable mini-grid of Baltra-Santa Cruz. 

 

 

Figure A4.1. The diesel power plant of 13.9 MW – Santa Cruz. Photo: Lourdes Rodríguez.  
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Figure A4.2. CATERPILLAR diesel generator of 650 kW – Santa Cruz. Photo: Lourdes 

Rodríguez. 

 

Figure A4.4. PV system of 1.5 MWp –Santa Cruz (own photo).  
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Figure A4.5. Wind farm of 2.25 MW and PV system of 67 kWp, Baltra, Galapagos (own 

photo). 

 

Figure A4.6. Lead-acid batteries (4.03 MWh) installed on Baltra Island. Photo: Miguel A. 

Egido Aguilera.  
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Figure A4.7. Lithium batteries (0.268 MWh) installed on Balta Island. Photo: Miguel A. 

Egido Aguilera.  

 

 

 

 


